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Wellcovorin Tablets are dramatically improving the way 

patients are rescued. Often discharged from the hospital 

earlier, more patients are completing their therapy on an 
outpatient basis and 
returning to a more 


normal, cemfortable 
lifestyle sooner. 
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WELLCOVORIN TABLETS 


(leucovorin calcium) 


For thousands of patients, Wellcovorin Tablets have provided the 
critical blood levels needed for life-saving rescue. The unique 
formulation of Wellcovorin Tablets has been shown to be completely 
bioavailable in a bioavailability study of 120 normal volunteers.’ 


Plum, Guaspari, et al: NCI Folate Symposium, jan. 1986 


Wellcovorin Tablets have reduced the cost of leucovorin rescue 
significantly. Before Wellcovorin Tablets, the cost of leucovorin 
increased rapidly and consistently every year. Now, patients pay 
less for Wellcovorin Tablets, and often realize considerable 
Savings from a reduction in hospital stays and clinic visits. 


For greater flexibility in oral dosing, Wellcovorin Tablets are 
available in two sizes: 5 mg (scored, bottles of 20 or 100) and 
£5 mg (scored, bottles of 25). 
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WELLCOVORIN TABLETS 


(leucovorin calcium) 


Leucovorin in convenient 
5 mg and 25 mg tablets 


Before prescnbing WELLCOVORIN® Tablets, please consult 
complete prescnbmg information. The following is a bret 
summary, 
INDICATIONS AND USAGE: Wellcovorin (leucovorin 
calcium) is indicated for the prophylaxis and treatment of un- 
desired hematopoetic effects of folic acid antagonists (see 
WARNINGS). 
CONTRAINDICATIONS: Leucovorin is improper therapy 
for pernicious anemia and other megaloblastic anemias 
secondary to the leck of vitamin Be. A hematologic remission 
may occur while neurologic manifestations remain 
progressive. 
WARNINGS: inthe treatment of accidental overdosage of 
folic acid antagonists, leucovorin should be administered as 
promptly as possite. As the time interval between antifolate 
administration e.g methotrexate) and leucovorin rescue 
increases, leucovamin’s effectiveness in counteracting hema- 
tologic toxicity diminishes 
PRECAUTIONS: 
General: Followime chemotherapy with folic acid antag- 
onists, parenteral cedministrtion of leucovonn is preferable 
to oral dosing if there is a pe ssibility that the patient may 
vomit and not absorb the leccovorin. In the presence of perni- 
cious anemia a hematologic remission may occur while 
neurologic manifestations remain progressive, Leucovorin 
has no effect on omer toxicities of methotrexate, such as the 
nephrotoxicity resulting from drug precipitation in the kidney. 
Drug Interactions Folic acid in large amounts may counter- 
act the antiepilepti effect of phenobarbital, phenytoin and 
primidone, and inc ease the frequency of seizures in suscep 
tible children, 
Pregnancy: Terafagenic Effects: Pregnancy Category C 
Animal reproduction studies have not been conducted with 
Wellcovorin. It ts also not kKaown whether Wellcovorin can 
cause fetal harm when administered to a pregnant woman or 
can affect reprodu tion capacity. Wellcovorin should be given 
to a pregnant woman only if clearly needed, 
Nursing Mothers It is not Known whether this drug ts ex- 
creted in humana milk. Because many drugs are excreted in 
human milk. caution shoule be exercised when Wellcovorin 
is administered to 2 nursing mother. 
Pediatric Use: See “Drug Interactions” 
ADVERSE REACTIONS: Allergic sensitization has been 
reported following both ora. and parenteral administration of 
folic acid. 
OVERDOSAGE Excessive amounts of leucovorin may 
nullify the chemotherapeuti: effect of folic acid antagonists. 
DOSAGE AND aDMINISTRATION: Leucovorin ts a spe- 
cific antidote for ta hematopoietic toxicity of methotrexate 
and other strong imaibitors of the enzyme dihydrofolate reduc- 
tase. Leucovorn escue must begin within 24 hours of anti- 
folate administraten. A conventional leucovonn rescue 
dosage schedule i+ 10 mg/nr orally or parenterally followed 
by 10 mg/m’ orally every six hours for seventy-two hours. If, 
however, at 24 hoers following methotrexate administration 
the serum creatiniae is 50% or greater than the pre-metho- 
trexate serum creatinine, the leucovorin dose should be im- 
mediately increased to 100 mg/n¥ every three hours until the 
serum methotrexa-¢ level is below 5 x 10*M,' 
The recommended dose of kucovorin to counteract hemato- 
logic toxicity from folic acid antagonists with less affinity for 
mammalian dihydrofolate reductase than methotrexate (1.¢ 
trimethoprim, pyr nethami re) is substantially less and 5 to 15 
mg of leucovorin zr day has been recommended by some 
investigators. = * 
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You can help us 


raise the colorectal 
cancer cure rate. 





“If everyone ovez 50 had 
checkups for colorectal 
cancer, the cure rate could be 
as high as 75%. sæ s Dr 
LaSalle D. Lettall, Ji. past 
president, American Cancer 
Society, “You can teure it it 
vou don’t know vou have it 
But if its detected carly, the 
cure rate for colorectal cancer 
is very high. Your doctor can 
perform the digital and 
proctoscopic exams, and you 
take care of the simole stool 
blood test at home 

Since men and women are 
equally affected by this disease, 
we urge everyone over 50 to 
get regular checkups 

The warning signs for 
colorectal cancer are a change 
in bowel habits and blood in 
the stool 

People with a family history 
of colon or rectal cancer or 
ulcerative Colitis are at higher 
risk and are urged 19 be 
doubly cautious. 


Checkup Guide ines tor 
men and women over 50 
without symptoms 
e digital exam annually 


e stool blood test annually 

e procio exam every à to5 
years after 2 negative tests 
| vear apart 





No one faces 
cancer alone 
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ao. intervention can prevent or reduce 





A higt pereeazage of immunocompromised patients are at risk for 
dev eloni ag HeY infections. Timely therapy with an antiviral agent 
can avoid the anadence of secondary complications, such as visceral 
dissemiratiow. aad prolonged hospital stay. 


Appearances may be deceiving 


Both sites are herpes simplex. In immunocompromised patients, 
mucos its an l stemnatitis that appear to result from radiation 
therapy or irenunosuppression may actually be caused by herpes 
simplex. Ee: ial diagnosis can ‘be problematic, but appropriate 
laboratery tests tan aid in the determination. 











There is am effective therapeutic agent available 


GOVIRE® Lx. stops viral replication, speeds healing, and reduces 
pain. Its efie ctiwe antiviral therapy for treatment of herpes 
smp exvira ingctions. 









WDER/IV. INFUSION 


"blem begins with a virus, 


Please 





see fol ewig page for brief summary of prescribing information. 








(acyclovir sodium 
STERILE POWDER/IV. INFUSION 


ZOVIRAX” LV. INFUSION (acyciovir sod um) sterile powder 
FOR INTRAVENOUS INFUSION ONLY 


INDICATIONS AND USAGE: fevirax Sterile Powder is indicated for the treatment of initial and recurrent 
mucosal and cutaneous Herses simolex HSV- 1 and HSV-2) infections in immunocompromised adults 
and children. Itis also indicated for severe initial clinical episodes cf herpes geartaiis in patients who 
are not immunocompromised. 

These indications are besed on the results of several double-blind, slacebo-controlled studies 
which evaluated the drugs effect on vires excretion, complete healing of lesions, and relief of pain. 


Herpes Simplex Infections n immunocompromised Patients 

A multicenter trial of Zoweax Menle Pewder at a dase of 250 mg MF every § hours (790 mg Meday) 
for 7 days was conducted = 97 «mmunacompromised patients with ero-facial, esophageal, genital 
and other localized infectioas (50 treatad with Zovirax and 47 with placebo. Zovirax significantly 
decreased virus excretion, reduced pain. and promoted scabbing and rapid healing of lesions ' 4 
initial Episodes of Herpes Cenitalis 

A conteolied trial was conducted in 28 patients with severe nhai episodes of herpes gentahs with 
a Zovirax dosage of 5 mgg every B hours for 5 days (2 patients treated with Zovirax and 16 with 
placebo). Significant treatment effects were seen in elimination af virus from lesions and m reduction 
of healing times.’ 

ina similar study, 15 peats with nitial episodes of genital herpes were treated with Zovirax 
5 mg/kg every 8 hours for$ ays and 15 with placebo. Zovirax decreased the duration of viral excretion, 
new lesion formation, duration of vesicles and promoted more rapid healing of all lesions’ 
Diagnosis 

The use of appropriate laboratory diagnostic procedures will help to establish the etiologic 
diagnosis. Positive cultures for Herpes simplex virus offer a reliable means for confirmation of the 
diagnosis. in initial episedes of genital herpes, appropriate examinations should be performed to rule 
out other sexually transmitted diseases. Whereas cutaneous lesions associated with Herpes simplex 
infections are often charactenstic, the finding of multinucleated giant cells in smears prepared from 
jesion exudate of scrapings may assist 17 the diagnosis ê 


CONTRAINDICATIONS: Zovess Stenie Powder is contraindicated for patients who develop hypersensi- 
tivity to the drug. 


WARNINGS: Zovirax Stenie Powder is mtended for mftravenous ifusion only, and should not be 
administered topically, miremescularly, orally, subcutaneously or in the eye. niravenous infusions 
must be given over a period cf af feast | (one) hour to prevent renal tubular damage (see PRECAUTIONS 
and DOSAGE AND ADMINISTRATION). 


PRECAUTIONS: 
general; The recommended dosage. frecuency and length of treatment should not be exceeded (See 
DOSAGE AND ADMINISTRAT ON} 

Although the aqueous solubility of acxclovir sodium (for infusion) is > 100 mg/m, precipitation of 
acyclovir crystals in rena! twoules can occur tf the maximum solubdily of free acyclovir (2.5 mg/ml at 
37°C in water) is exceeded cr if the drug n administered by bolus imeaction This cempucation causes a 
ne in Serum creatinine and blood urea ertrogen (BUN), and a decrease in renal creatinine clearance. 
Ensuing renal tubular damage can produce acute renal fadure. 

Abnormal renal function (decreased creatinine clearance) can occur as a result of acyciowr 
administration and depends on the state of the patient's hydration. other lreatments, and the rate of 
drug administration. Bolus sdministratian of the drug leads to a 10% sacidence of renal dystunction. 
whe in controlled studies. «fusion of 5 ng/kg (250 mg/M4} over an hour was associated with a lower 
frequency 46%. Concamaant use of other nephrotoxc drugs, pre-eusting renal disease, and 
dehydration make further esal impairment with acyclovir more likely. Ip most instances. alterations of 
renal function were transien’ and resolved spontaneously or with improvement of water and electrolyte 
balance, drug dosage adwstment or discontinuation of diug administration. However, in some 
instances, these changes may progress te acute renal failure. 

Adminstration of Zovies: by intraverous infusion must be accompanied by adequate hydration. 
Since maximum urine concantratien occurs within the first 2 hours following mfusien, particular 
attention should be given te establishing sufficient urine flow during that perad in order to prevent 
precipitation in renal tubuies. 

When dosage adjustmee’s are required they should be based on estimatec creatinine clearance 
(See DOSAGE AND ADMINISTRATION). 

Approximately 1% of peuents receiv ng intravencus acyclovir have mantested encephalapaihic 
changes characterized by exher letharge, obtundation, tremors, confusion, hallucinations, agitation. 
seizures or coma. Zovirax should be ased with caution in those patients who have underlying 
neurologic abnormalities avd those with serious renal, hepatic. or electrolyte abnormalities or 
significant hypoxia, H should also be used with caution in pahents who have manifested prior 
neurologic reactions to cytstoxic drugs ar those receiving concomitant intrathecal methotrexate or 
interferon, 

Exposure of HSV isolates to acyclovir im vilro can lead to the emergence of ess sensitive viruses. 

These viruses usually are devicient in thymidine kinase (required for acyclovir activation) and are less 
pathogenic m animals. Similar isolates have been observed in 6 severely immunocompromised 
patients dunng the course of controlled and uncontrolled studies of intravenously administered 
Zovirax. These occurred in patients with congenttal severe combined immunodeficiencies or following 
bone marrow transplantation. The presence of these viruses was not associated with a worsening of 
chintal iness and, in some instances, the virus disappeared spentaneousiy. The possibility of the 
appearance of less sensitwe viruses must be borne in mind when treating such patients. The 
relationship between the m vitro sensrivity of herpesviruses to acyclovir and conical response to 
therapy has yet to be estabi-shed. 
Drug interactions: Co-adrensstration of probenecid with acyclovir has been shown to increase the 
mean half-life and the area under the cancentration-time curve. Unnary excretion and renal clearance 
were correspondingly reduced. Clinical experience has identified no other significant interactions 
resulting from administraten of other d-ugs concomitantly with Zovirax Sterle Powder. 


Carcinogenesis, Mutagenesis. impairment of Fertility: Acyclovir was tested in lifetime bioassays in 
rats and mice at single caily doses of 50, 150 and 450 mg/kg given by gavage There was no 
statistically significant difference in the incidence of tumors between treated and control animals, nor 
did acyclovir appear to sheen the later-cy of tumors. in 2 in wire cell transformation assays, used to 
provide preliminary assessment of poteatial oncogenicity in advance of these more definitive lifetime 
hoassays in rodents, contlecting results were obtained. Acyclowit was positive at the highest dose used 


in one system and the resufting morphologically transformed cells formed tumes when imoculated into 
immunosuppressed. syngeneic, weanling mice. Acyclovir was negative in zasther transformation 
system. 

No chromosome damage was ooserved at maximum tolerated parentere doses of 100 mg/kg 
acyciovir in rats or Chinese hamsters, higher doses of 500 and 1000 mgle were clastogenic in 
Chinese hamsters. in addition, no activity was found in a dominant lethal stedy in mice. In 9 of 11 
microbial and mammalian cell assays, no evidence of matagenicity wasobse-ved. in 2 mammalian 
cell assays (human lymphocytes and L5178Y mouse lymphoma cells «9 whol postive responses for 
mutagenicity and chromosomal damage occurred. Dut osly at concentrations at least 275 times the 
acyclovir plasma levels achieved in man. 

Acyclovir does not impair fertility or reproduction in mice at oral doses upto 450 mgvke/day. In 
female rabbits treated subcutaneously with acyclovir subsequent to mating, Pere was a statistically 
significant decrease in implantatior efficiency but ro corcomitant decrease te litter size at a dose af 
50) me/ke/day. 


Pregnancy: Teratogenic Effects. Pregnancy Category ©. Acyclowr was not tevatogenic in the mouse 
(450 mg/kg/day, p.e). rabbit (50 mg/kg/day, s.c.) or rat (50 mg/kgiday, 5.0). 
Although maximum tolerated doses were tested in teretology studies, the pasma levels obtained 
chd not exaggerate maximum pasma levels that might occur with clinical use g intravenous acyclovir 
There have been so adequate and well-controlled studses in pregnant women Acyciowy should be 
used during pregnancy only the patentia! benefit justifies the potential risk œ the fetus. 


Nursing Mothers: it is not known whether this drug is exereted in human milk Because many drugs 
ave excreted In human mik, cauten should be exercised when Zovirax (accclov sodium) sterile 
goder is administered to a nursing woman. 


ADVERSE REACTIONS: The most frequent adverse reactions reported during cor railed chrucal trials of 
Zovirax in 64 patients were inflammation or phlebitis at the injection site following infiltration of the 
LY fluid in 9 (14.0%), transient elevations of serum creatinine in 3 (4.7%). end rash or hives in 3 
(47%) Less frequent adverse reactions were diaphores:s, hematuna, hypomnaon. headache and 
nausea. each of which occurred in i patient (1.6%), Of the 63 patients recereng placebo. 3 (4.8%) 
expenenced inflammation phiebitis and 3 (4.8%) experierced rash or itching. ‘ematuna and nausea 
were experienced by placebo recipiests at the same frequency. 

Among 51 immunocompromised satients, one, a bonesmarrow transplant moeni with pneumo- 
mts. developed seizures, cerebral edema, coma and expired with changes cenasstent wath cerebral 
anoxia on postmortem biopsy, another immunocompromused patient exhibeed coarse tremar and 
clenus. 

Additional adverse reactions were reported in uncontrolled tnais. The mosi frequent adverse 
reaction was elevated serum creatiune. This occurred in 9.8 percent of patents, usually following 
rapid (less than 10 minutes) intraverous infusion. Less frequent adverse expermnces were thrombocy- 
tosis and jitters, each in 0.4% of patents. 

Approximately 1% of patients recerving intravenous acyclovir have manifested encephalopathic 
changes characterized by esther lethargy. obtundation. tremors. confusion. havucinations. agitation, 
seizures or coma (see PRECAUTIONS). 


GVERDOSAGE: Overdosage has been reported following administration of holucsmections, or inappre- 
prately high doses, and in patients whose fluid and electrolyte balance was eat property monitored. 
This has resulted in elevations in BUN. serum creatinine and subsequentrena failure. 

Precipitation of acyclovir in renal tubules may occur when the solubilee (25 mgeml} in the 
iptratubular fluid is exceeded (see PRECAUTIONS). A six hour hemodialysis rests in a 60% decrease 
is plasma acyclovir concentration. Data concerning peritoneal dialysis are iccomplete Sut indicate 
that this method may be significantly lass efficient in removing acyclovir from tee blood. in the event of 
acute renal failure and anuna, the patient may benefit from hemodialysis enti! renal function is 
restored (see DOSAGE AND ADMINISTRATION). 


BOSAGE AND ADMINISTRATION: CAUTION — RAPID OR BOLUS INTRAVENOUS AND INTRAMUSCULAR 
OR SUBCUTANEOUS INJECTION MUST BE AVOIDED. 

Dosage: MUCOSAL AND CUTANEOUS HERPES SIMPLEX (#SV-1 and HSV-2) INSECTIONS IN IMMUNO- 
COMPROMISED PATIENTS 5 ma/ag infused at a canstant rate over hour, every 8 hours 
(15 mg/kg/day) for 7 days in adult patients with normal mnal function. in chrdren under 12 years of 
age, more accurate dosing can be attained by infusing 251) mg/M? at a constar: rate over | hour, every 
& hours (750 mg/Mê/day} tor 7 days 

SEVERE INITIAL CLINICAL EPISG@ES OF HERPES GEMITALIS -The same dose given above ~ 
administered for 5 days. 


Therapy should be initiated as early as possible followiag onset of signs ane symptoms. 


PATIENTS WITH ACUTE OR CHRONIC RENAL IMPAIRMERT: Refer to DOSAGE AND ADMINISTRATION 
section for recommended doses, and acjust the dosing interval as indicated; fhe table below. 
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Creatinine Clearance Dose Dosing interval 
imimini 1.73M} (mg/kg) hours) 
>50 5 8 
29-50 3 1? 
10-25 5 24 
0-10 25 24 








Hemodialysis: For patients who require dialysis. the mean plasma half-iee of acyclovir dunng 
hemodialysis is approximately 5 heurs. This results in 4 60% decrease in Aasma concentrations 
toliowing a 6 hour dialysis period. Therefore, the patient's dosing schedule showd be adjusted so that a 
cose is administered after each diaiysis. 

Method of Preparation: Each 10 mi vial contains acyclowr sodium equivalent:o 500 mg of acyclovir 
The contents of the vial should be dissolved in 10 mi of stende water for injectioror bacteriostatic water 
for imection containing benzyi alcchol yielding a final concentration of 50 g/ml of acyciows (pH 
approximately 11). Shake the vial well to assure complete dissolution before r=asunng and transfer 
nng each individual dose. DO NOT USE BACTERIOSTATIC WATER FOR INJECTEN CONTAINING PARA- 
RENS. It is incompatible with Zowrex Sterile Powder and may cause precipita’ on. 


References: 1. C.D Mitchell, et al, Lancet (8235). 1388-1392, jun. 27. 19% 2. Wade. et al, Ann. 
intern. Med. 9613}: 265-265, Mar. 1982. 3. J.D. Meyers, etai, Am } Med. 75)1Ap.229- 235. Jul 20. 1982. 
à. Data on file, Burroughs Wellcome Co 5. A Mindel, ef af. Lancet H8274) 687-700 Mar 27. 1982. 
6. ZM. Nab. ef al, Cancer Res. 33.1652-1463, 1973. 








Burroughs Wellcome Co. 
Research Triangle Park 
North Carolina 2/709 


PR 


Wellcome 





Copr € 1986 Burroughs Wellcome Co All nights reserved. &6-ZOV-16 


"y 


Now IHE Way Is CLEAR FOR 
YOU lo PROVIDE LEUKOPOOR PLATELETS 





WITH THE CUTTER 
| EUKOTRAP’ PLATELET POOLING SYSTEM. 


SIMPLE, FAST PROCEDURE 
The Leukotrap System requires 
minimal technician time and a 
standard centrifuge. 

Provide a better platelet prod- 


Nove leukopoor platelets can 
be routiaely used for treatment 
of patiert= on platelet therapy 
to reduce or eliminate leukocyte- 
associated transfusion reactions. 
Leu <otrap is the first commer- uct...with the Leukotrap Platelet 
cially available system for routine Pooling System. 
procuctian of leukopoor platelets. Leukotrap" Pooling Bag For more information 

MOS” EFFICIENT METHOD ee att your Cutter Biolegical 





j i 
procedure with leuko- 


o "Ss 1d reski ial ree > T a 4 P E l r iia os 
The Leu trap System removes Pan as wre 9 Represe ntative ol call our Profes 
20% of lemkocytes and residual red sional services Departme nt at 


cells wit? only 10% platelet loss. (800) 227-1762. 


p 


Cutter Biological 


A Division of Miles Laboratoris. Ine © I9R5. Miles Laboratories Inc 


~ Todays IGIV 


Dont settle for less. 


For immunodeti- 
ciency syndromes: 
aggressive protec- 
tion against 
infection 

Patients without 
sufficient levels 
of antibodies face 
overwhelming 
infection, and they need 
help. Infusion with 
GAMIMUNE N gives 
these patients the edge 
that may make the 
difference: antibodies 
against major bacterial, 
viral and funga! 
pathogens... .in just 
minutes. 


For both chronic 

and acute ITP 

in children and | 

adults: rapid 

elevation of 

platelet levels 
GAMIMLU NE‘ N 


may initiate a therapeutic | 


increase in platelets 
in both children and 
adults with idiopathic 
thrombocytopenic 


| 





purpura (ITP).'*' 
Treatment with 
GAMIMUNE'N has 
enabled some ITP 
patients to undergo 
major surgery. ' 
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Gammune N 


immune Globulin 


Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 








































IGIV that's at 
least 93% pare 
gamma globulin 
Cutter’s fractionation 
method Cohn-Oncley 
6 & 9) centains all the 
necessary steps to 
produce high purity 
immune globulin. 
GAMIMUNE*N 
contains no foreign 
contamimants, no 
detectable levels of 
protein eggregates or | 
rasoactive enzymes.“ 
With GAMIMUNE'N 
i] you get what you expect 
... [GIV containing at 
least 98% pure gamma 
globulin." 
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a Documented in 


vitro inactivation 


of HTLV-II virus 


‘The Cohn-Oncley process used 
to produce Gamimune®N has 
been challenged ín vitro with 
a virus spike of 1 x 10° TCID 
(Tissue Culture Infectious 











Today’ simple, 
economical IGIV: 
the only ready- 
to-use liquid 
Dose for dose, 
GAMIMUNE'N saves | 
Doses) of HTLV-II and found money by eliminating 
to remove and/or inactivate the valuable recanstitution 


“Native” KGIV a caner . In addition, \rtists interpretatum of HTLV-II cores, | time in the pharmacy. 
samimune”N undergoes an Gram for gram of 


GAMIMUNE’N is incubation step as a final 











manufactured without container which has been shown protein, GAMIMUNE’N 
ee to effect an additional 1 x 10° to is affordable; there is ní 
chemical nodificaticn. 1 x 104 TCID (Tissue Culture 4 itin eA for i 
This means Infectious Doses) reduction of pren m p As € K 
GAMIMUBE* \ HTLV-II. TODAY’S IGTV. 


antibodies maintain 
normal opsonizabor 
capacity, herve a normal 
distribution of IgG 
subgroups and provide 
the immunelogic activity 
of normal pasma. ' 


"Tt is not possible tm predict whith 
patients wth ITP respend co 
therapy. 

In patients who respendtiothewpy, a 
nse in platelet coust s genenify rapid 
(wittur 1 to 5day. transient (nost 
often lasting frameseveral days (0 
several weeks) ara should not Je 
considered carat 





From the original IGIV todays IGIV..it offers more 


Please see fo'loremg pase fos brief summary of prescribing information 


Gamimune N 


Immune Globulin 
Intravenous (Human) 5% 
(in 10% Ma'tose), pH 4.25 


CLINICAL PHARMACOLOGY 

Gamimune’® N supphes a broad spectrum of opsonic and neutrabkzing igG antibodies for 
the prevention or attenuateer of a wide variety of infectious diseases. As Garmumune” Nis 
administered intravenous! essentially 100% of the infused igG antibodies are immed 
ately avadabie in the recipients carculation. A relatively rapid fallin serum IgG level in the 
first week postinfusion is 72 be expected: this decrease averages 50% of the peak level 
achieved immediately post -nfusion and is mainly due to the equilibration of igG between 
the plasma and the extravesscular space. The in vivo half-life of Gamimune* N equals or 
excesds the three week huét ite reported for igG in the iferature, but individual patient 
vanation in half-life has been observed. Thus. this variable as weil as the amount of 
immene globulin administered per dose is important in deternurung the frequency of 
admuustration of the drug ‘or each individual patient. 

The intravenous adnunretration of solutions of maltose has been studied by several 
investigators. Healthy submects tolerated the infusions well, and no adverse effects were 
observed at arate of 0.25 gnaltose/ke body weight per hour in safety studies conducted 
by Cutter Biological, infusesis of 10% maltose admumstered at 0 27-0 62 g maltose/kg 
per hour to normal subjects produced either mild side effects je g. headache) or no 
adverse reaction. Follow.g intravenous administrations of maltose. maltose was 
detected in the peripheral cloed. there was a dose-dependent excretion of maltose and 
glucose in the urine and a selg diuretc effect. These alterations were weil tolerated with- 
out significant adverse effects The nighest recommended infusion rate, 0.08 mL/kg 
body weight per minute (see DOSAGE AND ADMINISTRATION), is equivalent to 0.48 g 
maltese/kg body weight pes hour 

The buffer capacity of Immune Globulin Intravenous (Human) 5% fin 10% Mattose), pH 
425.-Gamimune” Nis 16 5 mEq/l ( ~ 0.3 mEq/g protein), a dose of 150-400 mg/kg (3-8 
mika) body weight therefore represents an acid load of 0.0495-0 1320 meq/kg body 














the dose were infused instentaneously. (An infusion usually lasts several hours) 

In Phase | human studies: ne change m arterial biood pH measurements was detected 
following the intravenous aarunistration of Gamimune” N at a dose of 150 mg/kg body 
weigat: following a dose of (OO mg/kg body weight in 37 patients, there were no clinically 
important differences in mean venous pH or bicarbonate measurements in patents who 
received Gamimune™ N cosmpared with those who received a cherrucaliy modified intra- 
venows immunoglobulin preparation with a pH of 6.8. 

inpatients with imuted orcompromised acid-base Compensatory mechanisins, consid- 
eration should be given te the effect of the additional acid load Gamumune’ N might 
present 
INDICATIONS AND USAGE 
immunodeficiency Syndromes: Gamimune’ N is indicated for the maintenance treat 
ment of patients who are uate to produce sufficient amounts of IgG antibodies. Usage 
of Gamimune* N may be peserred to that of intramuscular mnomunogiobuin preparanians, 
especially in patients who sequire an immediate increase in nttava scular immunoglobulin 
levels, in patients with a small muscle mass, and in patients with bleeding tendencies in 
whom intramuscular injecti:ns are contraindicated. It may be used in disease states such 
as congenital agammaglobedinema {e g.. X-linked agarmmaglobulinemia), COMMON varia- 
ble Mypogammaglobulinersa. X-linked immunodeficiency with hyper IgM and in severe 
comtuned immunodenicierry:. 
idiopathic Thrombocytopesic Purpura (ITP): investigations in bath chidren and aduits 
have shown that Garmmune” N may initiate a therapeutic increase tn the platelet count. in 
Clinical studies of Gamimurs" N. five af six (83.3%) chidren and 10 of 16/62 5%) adults 
with acute or chronic ITP cernonstrated Clinically significant increments in the platelet 
coun! during or following ae initial treatment course with Gamumune” N af a dose of 400 
mg/kg body weight daily for “ve days. The duration of the platelet ise folowing treatment 
of ITE with Gamumune” N was variable, ranging from several days up to 12 months or 
more. Several ITP patients “emonstrated continuing responsiveness over many months 
tointermittent Gamimune’ Y 400 mg/kg body weight single dose maintenance Courses. 
Two ct three children with geute ITP treated with Gamumune” Nrapdly went into complete 
remission. However, chiidheod ITP may respond spontaneously without treatment Four 
patients with refractory 1TP-were able to undergo major surgical procedures as a result of 
the rapid rise in platelet cocnt associsted with Gamimun e> N treatment. 

In addition, one patient weth severe thrombocytopenia due to post-transfusian purpura 
(PLA alloammune antibodyssth platelet anu PLAY specificity; also responded to treatment 
with Gamimune®* N, at a doze of 400 mg/kg body weight dary for 5 days. there was a rapid 
rise in the platelet count ceznmencing on the third day of treatment. 

it is presently not possi to predict which patients with ITP wal respond to therapy. 
although the increase in piakeiet counts in children seems to be better than that of adults. 
In clinical situations in whier: a rapid nse in platelet count 1s needed to control bleeding or 
to allow a patient with ITP undergo surgery, administration of immune Globulin intra 
venous (Human) 5% (in 10> Maitose). pH 4.25-—Garmmune®™ N should be considered, in 
patients in whom a response is achieved, the rise of platelets is generally rapid (within 1-5 
days} transient (most offer “asnung from several days fo several weeks} and should not be 
considered curative. In sore patients who relapse. a maintenance dose of Gamimune* N 
adminustered every several weeks may be of benefit once the platelet count decreases to 
Clineally hazardous levels ee DOSAGE AND ADMINISTRATION). 
CONTRAINDICATIONS 
Gammmune” Nis contrainde-ated in individuals who are known to have had an anaphylactic 
or severe systemic response te immune Globulin (Human) individualis with selective IgA 
deficancies who have known antibody against IBA (antiga antibody) should not receivë 
Gamamune”™ N since these satients may experence severe reactions to the ig which may 
be present 


























WARNINGS 
Gamimune®” Neshould be admirustered only intravenously as he intramuscular and subcu- 
taneous routes have not been evaluated. 

Gamimune™ N may, on rare occasions, Cause a precipitous fall in blood pressure and a 
clrucal picture of anaptrdaxis, even when the patient is reat known to be sensitive to 
immune globulin preparations. These reactions may be re/sted to the rate of infusion. 
Accordingly. the infusion rate given under DOSAGE AND ADMINISTRATION should be 
closely followed, at least until the physician has had suffiment experience with a given 
patent. The patients vitai signs should be monitored continuously and careful observa- 
hon made for any symptoms throughout the entire infusion. Epinephrine should be avad- 
abie for the treatment of an acute anaphyiactic reaction. 

PRECAUTIONS 

General: Any vial that has been entered shouid be used cromptly Partially used vials 
should be discarded. Do not use if turbid. Solution which aas been frozen should not 
be used, 

Drug interactions: if dilutes is required, Gamimune® N may De dituted with 5% dextrose 
in water (D5/W). No other drug interactions or compatibilitees have been evaluated. It 1s 
recommended that infusion of Gamimune®™ N be given by a separate line. by itself, without 
mixing with other intravenous fluids or medications the patient might be recemwing. 
Pregnancy Category ©: Animal reproduction studies have nat been conducted with 
Gamumune®™ N. It is mot known whether Gamumnune® N can ce-use fetal harm when admur- 
istered to a pregnant woman or can affect reproduction capacity Gamumune” N should 
be given to a pregnant woman only if clearly needed. 

ADVERSE REACTIONS 

in a study of 37 patients with immunodeficiency syndromes “eceming Gamimune™ N ata 
monthly dose of 400 mg/kg body weight, reactions were seenin 5 2% af the infusions of 
Gamimune® N. Symptoms reported with Gamimune” N ineluced malaise. a feeling of 
faintness, fever, chilis. headache, nausea, vomiting, chest tightness. dyspnea and chest, 
back or hip pain. in addition, mild erythema following infiltratran of Immune Globulin Intra- 
venous (Human) 5% fin 10% Maltose}, DH 4.25--Gamimurne" N at the infusian site was 
reported in SOMmMe Cases. 

in further studies of Garumune™ Nin the treatment of both aduit and pediatric patients 
with ITP systemic reactions were noted in only 4 of 154 (2.6%) infusions, and all but one 
occurred at rates of infusen greater than 0.04 mL/kg body weight per minute. The symp- 
torns reported included chest tightness, a sense of lachycartia (pulse was 84 beats per 
minute) and a burning sensation in the head: these symptoms were ali mid and transient. 
Erythema. pain, phlebitis, ar eczematous reactions at the inf..sion site were also reported 
following infusion of Garrymune™ N to aduit ITP patients. hese reactions occurred in 
11.6% of the infusions of Gamimune® N and in 43.8% of me adult ITP population. No 
pediatric patients experienced localized reactions at the infusion sie. 

In the studies undertaken to date, other types of reactions lave not been reported with 
Garumune™ N. it may be, however, that adverse effects will be similar to those previously 
reported with intravenous and intramuscular immunoglobuan admunistration. Potential 
reactions, therefore. may also include anxiety, flushing. wheezing, abdorninal cramps. 
myalgias, arthralgia, and dizziness, rash has been reported only rarely Reactions tontra 
venous immunogiobulin tend to be related to the rate of infusion. 

True anaphylactic reactions to Gamimune® N may occur in -eciprents with documented 
prior histories of severe alergie reactions to imtramuscular ummunoglobulm, but some 
patients may tolerate cautiously administered intravenous immunoglobulin without 
adverse effects. Very rarely an anaphylactoid reaction may ocour in patients with no prior 
history of severe allergic reactions to either intramuscular or intravenous 
mmunoglobulin. 

DOSAGE AND ADMINISTRATION 

immunodeficiency Syndromes: The usual dosage of Garmenune’ N for prophylaxis in 
immunodeticiency syndromes 15 100-200 mg/kg (2-4 MLAB) of body weight adminis- 
tered approximately once a month by intravenous infusion ff the clinical response iS 
inadequate, or the level of IgG achieved in the circulation i feft to be insufficient, the 
dosage may be given more frequently or increased as MEN as 400 MERE (8 MLIKE) 
body werght 

idiopathic Thrombocytopenic Purpura: An increase in piateiet count has been observed 
inchildren and some adults with acute or chronic ITP receiving Garrmmmune” N. 400 mgikg 
body weight daily for five days. A response usually occurs witain several days and is main- 
tained for a variable period of ume. In general a response is seen Jess often in adults than 
in chiidren. In patients who have shown a response, a maintenance dose of Gamumune” N 
of 400 mg/kg body weight administered as a single dose every several weeks May be of 
benefit ance the platelet count decreases to clinically hazar@ous fevels 

investigations indicate tat Gamimune* Nis well-tolerated and jess likely to produce 
side effects when infused at the indicated rate. tis recommended that Garmmune® N be 
infused by itself at a rate of 0.01 to 0.02 mLkg body weight per minute for 30 minutes. if 
well tolerated. the rate may be gradually increased to a maairnum of 0.08 mUkg body 
weight per minute ff side effects occur the rate may be recuced, or the PUSIO HET 
rupted until symptorns subside. The infusion may then be resumed at the rate which is 
comfortable for the paten? 

Parenteral drug products should be inspected visually tor particudate matter and discoi- 
oration prior to adrrumstration, whenever solution and contarer perrur 

US. License No. 8 





REFERENCES: 1. GAMIMUNE® N Product License Application. 2. Lundblad JL, Mitra G, 
Steinberg MM, et al Comparative studies of impurities in ir ravenous immunoglobulin 
preparations. Rev infect Dis 1986;8/ Jul-Aug): 5382-5390. 3. Mitra G. Wong MF. Mozen 
MM. et al: Elimination of infectious retroviruses during preperation of immunoglobulins. 
Transfusion 1986 26/4):394—397. 
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For technical information, please call 1-800-227-1762. 
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1 A EEOAE ae FROM A SINGLE SOURCE. 
eS Coulter offers the broadest line of monoclonal 
x __ antibodies and now provides you 12 new conju- 
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gates with a phycoerythrin derivative (RD1) or 
fluorescein (FITC). This chart represents a par- 
tial listing of COULTER CLONE’ monoclonal 
antibodies. Coulter Immunology offers many 
innovative and unique products that include the 
first T4 subset markers, 4B4 and 2H4. The first 
B-cell specific antibodies. The first complete line 
of isotypic controls. The first and only Natural 
-Killer cell-specific monoclonal antibodies. Coul- 
FEET gas gee anne ter Immunology can provide you with total sup- 
port for your cell surface phenotyping studies, 
giving you the most reliable, precise, and accu- 
rate answers with state-of-the-art technology. 
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e Conserve volume of cell preparation by reducing 
sample size 50%. 

e Achieve optimal color configuration for 
combination studies such as T4/2H4 and T4/4B4. 

e Save time with dual color analysis. 

e Increase flexibility and convenience when 
designing test protocols. 

e Study activation states of Total T-cells (T11/Tat 
and 111/13) or lmmunocompetent T-cells (T3/Tat 
and 13/13). 





a division of Coulter Corporation 
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ING INFORMATION. Call us toll-free for additional product information and a copy of our Price List 






7-3773 (U S.) or 1-800-432-6518, Ext. 6880 (Florida). For research use only: not for diagnostic or 
therapeutic use. CCULTER CLONE is a registered trademark of Coulter Corporation. Copyright 1986. Coulter 


Immunology, +40 West 20th Street, Hialeah, FL 33010. 
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Meshotrexarett 
Desorubicis 
Cydophospaamide 
Vexcristine 
Bleomvecin 


Prednisone 


~~ ACOP-B = methotrexate with leucovorin rescue, doxorubicin, cyclophosphamide, cinenstine, prednisone, and bleomycin. 


Pos qrravTencnis. 


Hothotresate given as a LOO mg/m? intravenous bolus, then 300 mg/m? intravenously over 4 hours, followed 24 hours later 
tolpe atd, 15 mg orally, every 6 hours for 6 doses. 


(sterile bleomvcin Sifate) 


Brief Summary of Prescrp: ag information (1) 10/84. For 
complete prescribing information please consult product 
literature. 



















WARNING 

itis recommended that Bleraxane* be administered under the 
supervision of a qualified phys:can-expenerced in the use of cancer 
chemotherapeutic agents. Aporoprate management of therapy and 
complications is possible omy when adequate diagnostic and 
treatment facilities are readily.axailabie 

Puimonary fibrosis is the mast severe toxicity associated with 
Blenoxane. The most frequent aresentation is pneumonitis occa- 
sionally progressing to puimonery fibrosis. its occurrence is higher 
in elderly patients and in those sscerving greater than 400 units total 
dose. but pulmonary toxicity ts been observed in young patients 
and those treated with low doses. 

A severe idiosyncratic reactia consisting of hypotension, mental 
confusion. fever. chills, and wheezing as been reported in 
approximately 1% of lymphome-patients treated with Blenoxane. 




















INDICATIONS: Sienoxane should be considered a palliative treat- 
ment it has been shown to Œ useful in the management of the 
following neoplasms either as-essingle agert or in proven combina- 
tions with other approved chemeherapeutic agents: 

Squamous Cell Carcinoma - Head anc neck including mouth. 
tongue, tonsil. nasopharynx. a opaaryax. sinus, palate, Hp, Buccal 
mucesa. gingiva, epiglottis, skim: larynx, perms, cervix, and vulva. The 
respcnse to Blenoxane is poorer: patients with head and neck cancer 
previeusly irradiated. 

Lymphomas — Hodgkin's. rebalun cell sarcoma. lymphosarcoma. 

Testicular Carcinoma -— Erseryonal cel’ choriocarcinoma. and 
teratocarcinoma. 


CONTRAINDICATIONS: Bienczane is contraindicated in patients 
who have demonstrated a hygessersitive or an idiosyncratic reaction 
to if. 


WARNINGS: Patients recerwng Bienoxane must be observed 
carefully and frequently during one after therapy. It should be used 
with axtreme caution in patientewith significant impairment of rena! 
funct on or compromised pulmeaary fungu 

Puimonary toxicities occur 10% of treated patients. In approx- 
imately 1%, the nonspecific seumonitis induced by Blenoxane 
progresses to pulmonary fibres . and death: Although this is age and 











Dose Roure Timing 

400 mg/m IV Weeks 2, 6, 10 

50 mg/ny [V Weeks L 3, 
350 mg/m’ IV Weeks 1, 4, 

L4 mgm’ IV Weeks 

10 Uim’ IV Weeks 4, 8, 12 

75mg Oral Daily. 
2 tablets Oral 


dose related. the toxicity is unpredictable. Frequent roentgenograms 
are recommended 

idiosyncratic reactions similar to anaphylaxis have been reported in 
1% gf lymphoma patients treated with Blenoxane. Since these usually 
occur after the first or second dose, careful monitoring is essential 
after {hese doses. 

Renal or hepatic toxicity, beginning as a deterioration in renal of 
liver function tests, have been reported, infrequently. These toxicities 
may occur, however, at any time after initiation of therapy. 

Usage in Pregnancy: Safe use of Bienoxane in pregnant women has 
not been established. 


ADVERSE REACTIONS: Pulmonary — This is potentially the most 
serious side effect. occurring in approximately 10% of treated 
patients. The most frequent presentation is pneumonitis occasianally 
progressing to pulmonary fibrosis Approximately 1% of patents 
treated have died of pulmonary fibrosis. Pulmonary toxicity is both 
dose and age-related. being more common in patients over 70 years of 
age and in those receiving over 409 units total dose. This toxicity. 
however, is unpredictable and has been seen occasionally in young 
patients receiving iow doses. 

Because of fack of specificity of the clinical syndrome, the 
identification of patients with pulmonary toxicity due to Blenoxane has 
been extremely difficult. The earliest symptom associated with 


Blenoxane ouimonary toxicity is dyspnea. The earliest sign 1s fine 


raies. 

Radiograntveally, Blenoxane-induced pneumonitis produces fon- 
specific patchy opacities. usually of lower lung fields. The most 
common changes in pulmonary function tests are a decrease in totai 
lung volume and a decrease in vital capacity. However. these changes. 
are not predictive of the development of puimonary fibrosis. 

The microscopic tissue changes due to Blenoxane toxicity include 
bronchiolar squamous metaplasia. reactive macrophages. atypicai 
alveoiar epithelial cells. fibrinous edema, and interstitial fibrosis. The 


acute stage may involve capillary changes and subsequent fibrinous. 


exudation into alveoli producing a change similar to hyaline membrane 
formation and progressing to a diffuse interstitial fibrosis resembling 
the Hamman-Rich syndrome. These microscopic findings are non- 
specific. eg.. similar changes are seen in radiation pneumonitis, 
pneumocystic pneumonitis 

Te monitor the onset of pulmonary toxicity. roentgenagrams of the 
chest should be taken every 1 fo 2 weeks. H pulmonary changes are 
noted, treatment should be discontinued untit it can be determined if 
they are drug related. Recent studies have suggested that sequential 
measurement of the pulmonary diffusion capacity for carbon monox- 
ide iDL..} dunng treatment with Bienoxane may be an) indicator of 
subclinical pulmonary toxicity. It is recommended that the DL, be 
monitored monthly if i is to be employed to detect pulmonary 
toxicities, and thus the drug should be discontinued when the Dle 


2, 4, 6, 8, 10, 12 


dose tapered over the last 15 dav: 
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Twice daily throughout 


fails below 30 to 35°% of the pretreatment value 

Because of bleomycin’s sensitization of jung tissue. patients who 
have received bleomycin are at greater risk of developing pulmonary 
toxicity when oxygen is administerec:at surgery. While long exposure 
to very high oxygen concentrations ia known cause of lung damage. 
after bleomycin administration. jurg damage can occur at lower 
concentrations than usually would <e considered safe. Suggested 
preventive measures are 
(1) Maintain FI C, at concentrations.approximately that of ‘oom air 

(25%) during surgery and the pos:-operative period. 

(2) Monitor caretuly fluid replacement. focusing more on colloid 
administration rather than crystalled. 

idiosyncratic Reactions — in api coximately 1% of the lymphoma 
patients treated with Blenoxana an: {josyncratic reaction, similar to 
anaphylaxis clinically, has been reported. The reaction may be 
immediate or delayed for several hoors, and usually occurs after the 
first or second dose. it consists of yootension, mental confusion. 
fever chills. and wheezing. Treatmes: is symptomatic including vol- 
ume expansion, pressor agents. anffustamines. and corticosteroids 

integument and Mucaus Membranes — These are the most 
frequent side effects. being reporiedan approximately 50% af treated 
patients. These consist of erythema, rash. striae. vesiculation, 
hyperpigmentation. and tenderness 4 the skin Hyperkeratosis, nail 
changes, alopecia, pruritus, and storzatitis have aiso been reported. It 
was necessary to discontinue Blenexane therapy in 2% of treated 
patients because of these toxicities. 

Skin toxicity is a relatively late manifestation usually deveroping in 
the 2nd and 3rd week of treatment after 150 to 200 units of Bienoxane 
have been administered and appear: to be related to the cumulative 
dose. 

Other — Fever, chills. and vormtizg were frequently reported side 
effects. Anorexia and weight loss arz common and may persist long 
after termination of the medication. Sain at tumor site, phlebitis. and 
other local reactions were reported irtrequently. 

There are isolated reports of Rayraud’s phenomenon occurring in 
patients with testicular carcinomasctreated with a combination of 
Blenoxane and Valban*. It is currensty unknown if the cause for the 
Raynaud's phenomenon in these cases 1s the disease. Bienoxane. 
Velban, or a combination of any or ai of these. 


SUPPLY: Fach wal contairs 15 units of Blenoxane as sterile 
pieomycin sulfate. NDC 0035-3010-23 


ONCOLOGY PRODUCTS 
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INFORMATION FOR CONTRIBUTORS 





NITTING THE MANUSCRIPT 





BLOOO, Tæ Jewnal of The American Society of Hematology, 
provides an = tersational forum for the publication of original 
articles, in Emish, describing basic laboratory and clinical inves- 
tigations enco“mpassed in the broad discipline of hematology. The 
scope of the: gourmai covers all aspects of hematology, including 
disorders of feukecytes, both benign and malignant, erythro- 
cytes, plateb, femostatic mechanisms, and immunology, as 
well as maje <cieveiopments in clinical laboratory diagnosis and 
dleod bankirse: 











(ts are accepted for consideration on the condition 
that they areecontnbuted solely to BLOOD. No substantial part of 
a paper may ve seen or may be published elsewhere, except for 
an abstract «f 5COowords or less. Manuscripts will be critically 
reviewed Oy tae Editor or an Associate Editor with appropriate 
ndepencent “=terses drawn from the Editorial Board and other 
axperts. Accsetarze of papers for publication is based upon the 
orginality otte etservation or investigation, the quality of the 
work described, end the clarity of the presentation. Papers will 
ordinarily ə- published in the order in which they 
are finally az epted for publication and not in the order of 
submission. “cknowledgments to other investigators for advice 
or data mus: 3e substantiated by written authorization specifi- 
caly granting ~erraission to authors. 











Concise Femorts: BLOOD will consider for rapid editorial 
review and de--isiareConcise Reports of original investigations of 
scientific imactamce within the broad discipline of hematology. 
The value te the scientific readership of rapid publication is a 
criterion for aceptance of Concise Reports. Such manuscripts 
Must represet omcgnal and definitive studies and include ade- 
quate descrigs en c? experimental methods, documentation of 
findings. ame references to the literature. No case studies, 
methods paces, or preliminary reports will be considered. The 
Editors will gravida decisions on such manuscripts within three 
weeks cf rece ot at the BLOOD Office. These decisions may not 
be accompamwed by detailed reviewers’ comments such as are 
returned wit manuscripts handied in the ordinary manner. 
Request for eamsicecation as a Concise Report should be made in 
the author’s <>vering letter upon submission. Concise Reports 












references (emnt wo graphs or one photomicrograph as a typed 
page). Papers «xceeding the ten-page limit will be delayed while 
the author i deimg contacted. Papers not accepted for rapid 
pualication as Zorcise Reports may be resubmitted for consider- 
ation as requ@® Manuscripts. 






Letters to Pe Editor: Letters to the Editor are welcomed and 
will be oublicked if appropriate. They should be typewritten, 
double soacec, ane! generally should be no more than two 


typewritten cages or length. 











Editonals. ef Reviews: Editorials and Brief Reviews may 
be solicited be theEcditors. These manuscripts must be prepared 


in a manner appropriate for other papers and will be reviewed as 
are original articles submitted for consideration, 


Authors must accept the»esponsibility of conforming to the 
instructions in “information for Contributors.” Articles, edito- 
rials, letters to the editor, and other text material in BLOOD 
represent the opinions of the authors and co not reflect the 
opinions of The American Society of Hematology, the publisher, 
or the institution with which the author is affiliated, unless the 
contrary is specified. 

Authors submitting a manuscript do so with the understand- 
ing that if it is accepted for publication, copyright in the article, 
including the right to reproduce the article in ali forms and media, 
shall be assigned exclusively to the Publisher. To comply with US 
copyright law and the requirements of the insurance carrier, 
authors of accepted manuscripts and letters will be requested to 
sign a copyright release form. The Publisher will not refuse any 
reasonable request by the author for permission to reproduce any 
of his or her contributions to the journal. 

Submit papers, with a $50.00 (in US funds) check, money 
order, or institutional purchase order to cover the cost of manu- 
script handling, to: John W. Adamson, MD, Editor 

BLOOD 

University District Buillding--Room 410 
1107 NE 45th St 

Seattle, WA 98105 

(206) 545-8080 


All checks and money orders must be marked with the first 
author's name, in order to avoid delay in processing. Receipt of a 
manuscript will be acknowledged by a card bearing the name of 
the Editor or Associate Editor who is assigned responsibility for 
the review process. All correspondence concerning the manu- 
script should be addressed to the Editor or Associate Editor. 
Effective January 1, 1987, all manuscripts submitted to BLOOD 
and subsequently accepted for publication will be assessed a 
$50.00 charge per published page. This charge is necessary to 
offset the increasing costs of publication. 


Papers reporting human experimentation will be reviewed in 
accordance with the precepts established by the Helsinki Decla- 
ration. Copies of this declaration may be obtained by writing to 
the American Medical Association, 535 N Dearborn St, Chicago, 
IL 606 10. Such papers must include a statement that the human 
investigations were performed after approval by a local Human 
investigations Committee and in accord with an assurance filed 
with and approved by the Department of Health and Human 
Services where appropriate. 


All manuscripts dealing with recombinant DNA research must 
include a description of the physical and biologie contamment 
procedures practiced, in accord with the National Institutes of 
Health Guidelines for Research involving Recombinant DNA 
Molecules. The Editors of BLOOD will assume that the authors of 
research papers published in BLOOD are prepared to distribute to 
bona fide academic investigators exclusively for their own 
research any clone of cells or DNA used in the experiments. 


(Continued on following page) 
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(Continued fror preceding page) 
PREPARING THE MANUSCRIPT 

The original and two complete copies of the manuscript 
(including letters to the Editor) must be submitted. Manuscripts 
must be typewritten, double or triple spaced on good quality 
8y,-by-11-inch ahite paper with margins of at least one inch. 
Please do not use erasable bond. 

The first page of the manuscript should contain the following 
information: (1) title of the paper; (2) authors’ names; (3) name 
of institution in which work was done; (4) acknowledgments for 
research support; (5) name and address of the author to whom 
communications regarding the manuscript should be directed. 

The second cage should contain an abstract of 200 words or 
less, summarizieg the reason for the study, the methods used, 
the results, and -he major conclusions. Do not include a summary 
at the end of the paper. 

PREPARING ILLUSTRATIONS AND TABLES 


Tables and iastrations must be cited in order in the text using 
arabic numerais Ali line drawings should be submitted as clear, 
glossy, black and white photographs. Hand-drawn or hand- 
lettered illustrations are unacceptable. Legible copies may be 
used only with tse duplicate manuscripts. Photomicrographs and 
other photograchic illustrations must be submitted in triplicate; 
photocopies of shotographs and line drawings are not accept- 
able. The name ef the first author, figure number, and designation 
of the top of the dlustration should be marked on the back of each 
illustration with 3 soft lead pencil. Authors should avoid mounting 
illustrations om boards unless mounting is necessary to insure 
proper placermeat. Legends for illustrations should be typewrit- 
ten, double spaced, on a separate sheet, and included at the end 
of the manuscrint. A legend must accompany each illustration. 
Contributors w pay all charges involved in processing and 
printing of colier photographs. 

Figures, especially charts, graphs, and line drawings, are 
generally reduced in size for publication (consult a recent issue of 
the journal for examples). To maintain legibility it is important 
that all numbers, letters, and symbols be large enough originally 
so that wher reduced they will remain at least y,. inch (2 mm) 
high (ie, apprexinately the same size as used for this line of type). 
Figures not properly prepared will have to be returned to the 
contributor for revision or will be relettered by the printer and the 
cost charged to the contributor. 

Each table should be typed on a separate sheet and appropri- 
ately numbered. Table legends should be typed on the same 
sheets as the taples. 

Failure to comply with the specifications for preparing illustra- 
tions and tables may result in a delay of the review process. 


REFERENCES 


References should be compiled at the end of the article 
according to the order of citation in the text. They should be 
typewritten, dcuble spaced, under the heading REFERENCES. 
Abbreviations fer titles of medical periodicals should conform to 
those used in the latest edition of index Medicus. {A “List of 
Journals indexed in Index Medicus” — with abbreviations —is 
obtainable fror the Superintendent of Documents, US Govern- 
ment Printing Dffice, Washington, DC 20402, at a modest 
charge.) Name all authors. Supply only first page number for each 
reference. Refesences to abstracts and letters must be identified 
as such. 


INFORMATION FOR CONTRIBUTORS 


Personal communications and references to publications in 
press by authors other than those submitting the paper must be 
substantiated by a letter from the investigetor(s) concerned 
confirming the data or observations and grating the authors 
permission to cite the material. 


EXAMPLES OF REFERENCES 


Journal article, one or more authors: 

1. Golomb HM, Vardiman J, Sweet DL, Simon D, Varia- 
kojis D: Hairy cell leukemia: Evidence for the existence of a 
spectrum of functional capabilities. Br J Hsematol 38:161, 
1978 
Journal article. in press: 

2. O'Malley JE, Eisenberg L: The hyperkinetic syndrome. 
Semin Psychiatry (in press) 

Complete book: 

3. Lillie RD: Histopathologic Technic anc Practical Histo- 
chemistry (ed 3). New York, Blakiston, 1965, a 39 
Chapter of book: 

4. Moore G, Minowada J: Human hemopeietic cell lines: A 
progress report, in Farnes P (ed): Hemic Celle In Vitro, vol 4. 
Baltimore, Williams & Wilkins, 1969, p 100 
Chapter of book that is part of published meetiag: 

5. Natvig JB, Kunkel HG, Gedde-Dahl T Jr: Genetic studies of 
the heavy chain sub-groups of G globulin, in Killander J (ed): 
Gamma Gliobulins, Proceedings of the Third Nobel Symposium. 
New York, Wiley, 1967 
Chapter of book that is part of unpublished mesting: 

6. Polliak A: A morphologic study of the lynphoproliferative 
jesions induced by excess vitamin A. First Meeting, European 
Division, International Society of Hematology. Milan, 1971, p 
181 
Abstract: 

7. Curnutte JT, Karnovsky ML, Babior 3M: Manganese- 
dependent NADPH oxidation by a particulate preparation from 
guinea pig granulocytes: An alternative interpretation. Clin Res 
23:271A, 1975 (abstr) 

Letter to the Editor: 

8. Seeler RA: Sickle cell anemia monthly variations. Blood 

47:879, 1976 (letter) 


PROOFREADING 


Contributors are provided with galley proofs and are asked to 
proofread them for typesetting errors. Importart changes in data 
are allowed, but authors will be charged for exwessive alterations 
in proof. Galley proofs should be returned with 48 hours. 


REPRINTS 


Reprints of articles can be furnished to contributors when 
ordered in advance of publication. An order forr:, showing cost of 
reprints, is sent with proofs. Individuals wishing to obtain reprints 
of an article that appeared in BLOOD can do saby contacting the 
author at the address given in the journal. 


ANNOUNCEMENTS 


Announcements of meetings, conferences, and the like that 
are of interest to the readership of BLOOD should be sent to the 
Editor at least three months before the first day of the month of 
issue. Fees for annauncements vary, depending on their size and 
the number of issues involved. Prices may be obtained by 
contacting the BLOOD office. 
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Coulter Immunology can help you solve the pt ) 
clonal antibodies, Coulter Immunology provides tools 
related disorders. ing you vital pieces like 2H4 and 4B4, for wt , 
equivalents. The inducer of help (T4+4B4+) and inducer of suppressio! 
(T4+2H4+) are functionally unique subsets of the T4 helper cells. Thes 
are available in fluorescent and phycoerythrin derivative conjugate 
multiple color analysis. Ask us for ref 
bodies that are being used to cha 


st 
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cytes, natural killer cells, specific activatiot 
and support products. We have the pieces you re lo 
our new COULTER CLONE® monoclonal antibodies to | 
coming soon. ce 
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Leading the way in biotherapeutics 


Gepyright ©1987 by Hoffmann-La Roche Inc. All rights reserved. 
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in hairy cell leukemia 


O Effect»e im all stages of O SC or IM injection and fixed 
the dase. dosing permit administration 


g Statistically increased survival without weight or body surface 


compared to a historical See home, 
contr: 2reup. À 


_J Caution patients not to change 


O Normalize : 
brands of Interferon without 
peripheral Pepa cements, medical consultation, as a change 
O Improves quality of life. in dosage may result. 
O Dramaicaly decreases O Common initial side effects, such 
the need for red blood cell and as fever, chills, myalgia, headache 
platele- ransfusions. and fatigue, are self-limiting and 


generally manageable. Myelosup- 
pression, which can occur early 
in the treatment course, warrants 
close clinical and labora- 
tory observation and is 
usually alleviated by dose 
reduction or temporary dis- 
continuation of drug. Per- 
sistent fatigue is found to be 
less troublesome with p.m. 
or h.s. administration. 


O Virtual, e iminates life-threaten- 
ing opportunistic infections 
after se.eral months of therapy. 


O Ready-to-use injectable 
solutio- no mixing 
or recomstitution. 


O Also available in 
sterile Pov-der for 
injection with 
diluent fr 
recons=_ution. 












Inega Saluton 
3 million IU via 3 nallon IU/mL) Sterile Powder for Injection 
t8 million IU vial 3 miliomIU70.5 mL) 18 million IU and 3 mL diluent for reconstitution (3 million 1U/0.5 mL) 
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alfa:2a recombinant /Roche 
a promise fulfilled 


NEW SC/IM 





Interferon 


Before prescribing, please see complete product information on followiny pages. 
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DESCRIPTION: Roteron* -A (interferon alfa-2a. recombinant: Roche) is a sterile 
protein productor use by nyection. Roferon-Ais manulactured by recombinant 
DNA technology that empioys a genetically engineered £. coli bacterium ton- 
taining DNA thst codes for the human protem, Interteron alfa-2a, recombinant: 
Roche is a tigty punfied orotein containing 165 amino acids. and if has an 
approximate trsslecular weight of 19.000 daltons. The puntication procedure 
includes afinite-chromatography using a murine monociona! antibody. Fermen- 
lation is Camescout in a defined nutrient medium containing the antibiotic tetracy- 
chine hydrochicade, 5 mg iter However, the presence of the antinotic snot 
detectabie on Ges final product. Roferon-A is supphed as an iwyectable solution or 
as a Slenlepovder for inpection with its accompanying diluent. 

injectable sokson— The solution is colorless and cantadis interferon alla-2a, 
ee Heche, sodium chonde. Albumen (Human and phenol as a preser- 
vative. 














Diluent for Sterse Powder tor injection-- The diluent contains sodium chionde, 
Albumin (Hurasn) and phenol as a preservative. 

Each vial of Ressron-A coatains 3 million or 18 mion international units HU) of 
interferon alfa-Ca, recombinantRoche. The specific achaty of interferon alfa-2a, 
recombinant Rieche is 2 - 105 U mg proten The route of admunistration is 
subcutaneeus a intramuscular. 

CLINICAL PHARMACOLOGY: The mechanism by which Interferon alla-2a, 
recombinaal Roche. of any ather interferon. exerts antturnor activity is nol 
Clearly understsod However, itis beheved nat direct antiprolterative action 
against tumor eslis and modulation of the host immune response play important 
roles in thesant umor activity, 

The bologica! extvities of interteron aifa-2a. recombinant Roche are species- 
resincted,.e ey are expressed in a very limited number of species other than 
humans. As 4 consequence, prechrical evaluation of interferon alfa-ga, recom- 
binant Roche &as involved in viro experiments with human cells and some in 
vivo experrnests | Lising buman cells in culture. interferon alfa-2a. recombinant 
Rache has Dees shown tc have antiprablerative and immunomodulatory activi- 
tes thal are vray sutular le those af the mixture of interferon alfa subtypes 
produced by neman leukocytes. in vivo, interferon alfa-24, recombinant Roche 
has been shoves to inhibit the growth of several human tumors growing in 
ImMmunocompramised (nude) mice. Because of tis spemes-resincted activity. it 
has not been pessible ta cemonstrate antitumor achvity in immunologically intact 
syngeneic umer model systems, where effects on the host immune system 
would be oose.wabie. However, such antiturnor activity has been repeatedly 
demonstrajed ath, for example. mouse interferon-alfa in transplantable mouse 
tumor systems: The clinical significance of these findings is unknown. 

The metabolise of interferon alfa-Za. recombinant Roche is consistent with that 
of alfa interfarens in general. Alfa interferons are totally filtered through the 
glomerull and undergo rapid proteolytic degradation during tubular reabsorption, 
rendering a neaiqible reappearance of intact alfa interferon in the systermuc 
circulation Seall amounts of radiolabeled Interferon alfa-2a. recornbinant Roche 
appear in thea ane of isolated rat kidneys. suggesting near complete reabsorp- 
hon of interferen aHa-2a. recombinant Roche catabolites. Liver metabolism and 
subsequent bsy excrebon are considered minor pathways of elimination for 
alfa interferor:s. 

The serum coscentrations of interferon alfa-2a, recombinant Roche reflected a 
large intersubsect vananho in both beaithy volunteers and patients with dissert- 
nated cancer 

in healthy seceie. Interferon alfa-2a, recombinant Roche extutated an elimination 
halt-tife of 3.7 % 8.5 hours (mean 5.1 hours), volume of distribution at steady- 
slate of 0.223 9 0.748 Lieg (mean 0.400 Liko) and a total body clearance of 2.14 
to 3.62 mL mek (mean 2.79 mL-min’kg) after a 36 millon iU (2.2 > 108 pg) 
intravenous iragan. Aer invamuscular and subcutaneous administrations af 
36 mdhon beak serum:concentrations ranged from 1500 to 2580 paml 
imean 2020 pc. mij at a mean time to peak of 3.8 hours and from 1250 to 2320 
pami (mean 1730 pg mL) af a mean time to peak of 7 3 hours. respectively The 
apparent fsacten of the dese absorbed after intramuscular injection was greater 
than 80°. 

The pharmaccainetcs of interferon alfa-2a. recombinant Roche after single 
mramusceHlar Joses fo patents with dissemunated cancer were simiiar to those 

f volunteers. Dose proportional increases wi Serum concentrations 
after single doses up to 198 milion (U There were no changes in 
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twice daly S40 36 mien IU), once daily G fo 54 milton I. of three times 
weekly (1 fo 1365 milon iU} dosing regimens up to 28 days of dosing. Mullipie 
intramuscewlar soses of inerferon alla-2a. recombinant Roche resulted in an 


accumulator af 2 to 4 trees the single dose serum concentrations. Pharmaco- 
kinetic infer meson in patents with hairy cell leukemia is presently unknown. 

The acute aarenteral toxmty of Interferon alfa-Za, recombinant Roche has been 
Studied in miia. rats, rabbits and ferrets al doses up to 30 million tU-kg mirave- 
nously, and S3 mafon fvkg intrarnuscularly. No treatment-related mortality was 
noted in ary seeces given interferon alla-2a, recombinant Roche by any of the 
routes of admesstraton 

Effects on Har y Celi Leuaemia: Durng the first one to lwo months of treatment 
of patents wt: hairy cell ‘eukemia,. significant depression af hematopoiesis was 
kkely to ocour Subsequently, there was improvernent im cuculating blood cell 
counts. 

Of the 75 patents who were evaluable for efficacy following al least 16 weeks of 
therapy, 48 (8°) achieved complete or partial response. Twenty-one patients 
(28%) hac a ranor rernission, eight (17%) remained stable, and none had wors- 
ening of dseare Al patents who achieved either a complete or partial response 
had compete -r partial normalization of al penpheral blood elements including 
hemogioben jewel, white tlood cell, neutrophil. monocyte and platelet counts with 
a concomianidecrease m penpheral biood and Done marrow hairy cells. 
Respondiag mahents aise exhibited a marked reduction in red blood cell and 
platelet transfesion recnarements. a decrease in mechous episodes and 
improvement s performance status. The probabilty of survival for two years in 
patents receseng Roteran-A (94%) was statistically increased compared to a 
historical contol group (75%). 

















ROFERON “A (interferon alfa-2a, æcombinant Roce) 


INDICATIONS AND USAGE: Roleran-A is indicated fc use in the treatment of 
hairy cell leukemia in people 18 years of age or older. Studies have shown that 
Roteron-A can produce clinically meaningtul regressi or stabdization of this 
disease. both in previously splenectomized and nonspienectomized patients 24 
Prior io initiation of therapy, tests should be performed o quantitate peripheral 
blood-hemogiobin. platelets, granulocytes and hairy cess and bone marrow 
hairy celis. These parameters should be monitored perxxhcally {e.g monthly} 
during treatment to determine whether response to treatment has occurred. Ha 
patent does not respond within six months, treatment! sould be discontinued. if 
4 response to treatment does occur, treatment should be continued until no 
further smpravement is observed and these laboratory sarameters have been 
stable for about three months. itis nat known whether continued treatment after 
that time is beneficial, Studies are imaprogress to evalucte this question. 
CONTRAINDIC ATIONS: Roferon-Ass contraindicateden patents with known 
hypersensitivity io alfa interferon, me@use immunogiobein or any component of 
the product. 

WARNINGS: Rojeron-A should be ainunistered undeethe guidance of a qualified 
physician. (See DOSAGE AND ADMINISTRATION | &aproprate management 
of the therapy and its complications :s possible only when adequate diagnostic 
and treatment faciites are readily availabie. 

Roferon-A should be used with caution in patients with.severe preexisting cardiac 
disease, severe renal or hepatic disease, seizure disorders and or compromised 
central nervous system function. 

Because of the possibility of severe or even fatal adveme reactions. patents 
should be informed not only of the benefits of therapy tut also of the risks 
nvaived, 

Roferon-A should be administered with caution to paberis with cardiac disease 
or with any history of cardiac iliness. Ne direct cardiotesic effect has been dem- 
onstrated, but 16 likely that acute. salfdimited toxicities. i.e. tever, chilis) fre- 
quently assocated with Roferon-A administration may exacerbate preexisting 
cardiac conditions. Rarely. myocardial infarction has ocurred in patents receiv- 
Inq Roferor-A. 

Caution shauid be exercised when adminstenng Rolesun-A to patents with 
Myelosuporessian. 

Central nervous system adverse reactions have been ported in a number ot 
patients. These reactions included decreased mental status. exaggerated 
central nervous system function, and dizziness. More severe obtundation and 
coma have been rarely observed. Most of these abnormaites were mid and 
reversible within a few days to threeweeks upon dose -eduction or discontinua- 
tion of Roferon-A therapy. Careful periodic neuropsychiatric monitoring of all 
patients is recommended. 

Leukoperia and eievation of hepatic enzymes occurred frequently but were 
rarely dose-limiting. Thrombocytopenia occurred less “equently. Proteimuria and 
iNcreased celis in urinary sediment were also seen infrequently. Rarely, signfi- 
cant hepatic, renal and myelosuppress:ve toxicities were noted 
PRECAUTIONS: General: in ail insiances where the use of Soteron-A is consid- 
ered for chemotherapy, the physician must evaluate the need and usefulness of 
the drug against the risk of adverse reactions. Mosi aawerse reactions are 
reversible of detected early. if severe reactions occur, [fe drug shouid be reduced 
In dosage of discontinued and appropriate corrective measures shouid be taken 
according to the clinical judgment ot the physician. Restitution of Roteron-A 
therapy should be carned out with Caubon and with acequate consideration of 
the further need for the drug and alertness as to posse recurrence of toxicity. 
The mirumum effective dose of Roferon-A for treatmer: of hary cell leukemia 
has not been established, 

information for Patent: Patents shouid be cauboned motto change Grands of 
interferon without medical consullahon, as a change i dosage may result, 
Patents should be informed regarding the potential benefits and risks attendant 
to the use af Roferon-A. If home uses determined to be desirable by the physi 
cian, instructions on appropriate use should be given. aciudinig review of the 
contents of the enclosed Patient infarmation Sheet. Panents should be well 
hydrated, especially during the initial stages of treatment. 

Laboratory Tests. Periodic complete blood counts anc ‘iver function tests should 
be performed during the course of Roferon-A treatmert. They should be per- 
formed prno to therapy and at appropriate periods durmg therapy. Since 
responses of hairy cell leukemia are not generally observed for one to three 
months after inthahon of treatment, very careful moniccing tor severe depression 
of blaod cell counts is warranted during the inital phase of reatment 

Those patients who have preexisting Cardiac abnorma@ites arwi of are in 
advanced stages of cancer should bave electrocardigarams taken pror to and 
during the course of treatment. 

Carcinogenesis, Mutagenesis and Impairment of Fervity 

Carcinagenesis. Foferon-A has not been tested for tacaranagenic potential, 
Mutagenesis: A. internal studies— Ames tests using mx different lester strains. 
with and without metabolic activation, were performec with Roferon-A up to a 
concentration of 1920 ug/plate. There was no evidence of mutagenicity. 

Human lymphocyte cultures were treated in vitro with Aoferon-A at noncytotoxic 
concentrations. No increase in the tacidence of chromosomal damage was roted 
B. Published stucies-- There are nospublished studies on the mutagenic potential 
of Roferon-A. However a number œ studies on the gesotoxunty of human iguko- 
cyte interferon have been reported 

A chromosomal defect following the acdition of huma leukocyte interferon to 
lymphocyte cultures from a patent suffering from a lyeaphoproiterative disorder 
has been reported. 

in contrast. other studies have fated to detect chromosomal abnormalities 
following treatment of lymphocyte cultures from healthy vcdunteers with human 
leukocyte interferon. 

it has also been shown that human jeukocyte interferer protects primary chick 
embryo fibroblasts from chromosomal aberrations preciuced hy gamma rays. 
impairment of Fertility: Roteron-A has been studied fo its effect on fertility in 
Macaca mulatta (rhesus monkeys) Nonpregnant rhesus females treated with 
Rojeron-é at doses of 5 and 25 milion Ukg day haveanhown menstrual cycie 
irregularities. inciuding prolonged or shortened menstaua!l periods and erratic 
bleeding, these cycles were considered to be anovulasory on the basis thal 
reduced progesterone levels were soted and that expected mecreases in preovu- 
latory estrogen and luteinizing hormones were not observed. These monkeys 
returned to a normal menstrual rhythm following discemtinuation of treatment. 
Drug interactions: Interactions between Roferon-A acd other drugs have not 
been fully evaluated. 

PREGNANCY: feraiogenic Effects’ Pregnancy Cateaory C. Roferon-A has 
been shown to demonstrate a statistically significant -acrease in abortifacient 
activity in rhesus monkeys when gwen af approximalay 20 to 500 times the 
human dose. A study in pregnant rhesus monkeys treated with 1,5 ar 25 mation 
iU ka day of Roleron-A in iheir early to midfetal penoc idays 22 to 70 of gestahon) 
has failed to demonstrate teratogenic activity far Roteron-A 

There are no adequate and well-controtied stuches in aregnant women. 
Nonteratogene Effects: Dose-relaved abortifacient asaivity was observed in 
pregnani rhesus monkeys treated with 1, 5 or 25 milien 1U-kq day of Roferon-A 















ROFERON “A (interteres alfa-2a, recombinant Roche) ROFERON’-A (interferon alfa-2a, recombinant Roche) 


in the early to mudtete! «eriod (cays 22 to 70 of gestahon) A late-tetal penod lupus ee herpes zoster) in patients who have never recerved xog 
a6 79 to 100 c g@estalio: ) is in progress and as yet there have been no enous interferon i 

prei Ape pih seca s_ats ol Heard $ DOSAGE AND ADMINISTRATION: Hairy Cell Leukermiua— The mndustion jose 

Usage in Pregnancy. Sa useiw human pregnancy has not been established of Roferon-A is 3 million IU daily for 16 to 24 weeks. acrministered asa res na 

Theretore Roteron A smid be sed during pregnancy only if the potential neous oF intramuscular injection Subcutaneous adnmurustration ts pa uia Yy 

benefit justifies the pote tal nsk o the fetus Information trom pnmate studies advisable for. but not limited to, thrombocytopenic patients (platelet ouni 

showed dose-related meestrual rregulanties and an increased incidence o! 50,000) or for patients al nsk for bleeding. The recommended mamenance 

spontaneous abortion, —Screas#sun serum estradiol and progesterone con- dose is 3 million IU, three times per week Dosage reduction by oneal! or 

centrations have beam sorted 1 women treated with human leukocyte inter withholding of individual doses may be needed when severe adverse reactions 

feron.4 Therefore. fert#eaawomen sfould not receive Roteron-A unless they are occur The use of doses higher than 3 million IU is not recommende 

using effective contrecee<on du wy) the therapy penod Patients should be treated for approximately six months betore the physica 

Male tertiity and teratomec evaleabons have yielded no significant adverse determines whether to continue therapy in patents who respond or cescontinu 

effects to date therapy in patients who did not respond. Patients with hairy cell leukemia have 

Nursing Mothers: it is nown whether this drug iS excreted in Numan miik been treated for up to 20 consecutive months The ootima!l duration ef treatment 

Because many drugs am==xcreted im human milk and because of the potential for this disease has not been determined as 

for senous adversa feateens in ~aursing intants from Roteron-A, a decision it severe reactions occur, dosage should be modihied (50° reduction oF therapy 

shoulc be made whieh 2 discomtinve nursing of to discontinue the drug, taking should be temporarily discontinued until the adverse reactions abate Ihe nees 

into account the mper e of the drug to the mother for dosage reduction should take into account the effects of phor X-+ vy therapy 

Pediavic Use. Satety am effect veness in children under 18 years of age have or chemotherapy that may have compromised bone marrow reserve Ihe min 

not bean establis red mum effective dose o! Roteron-A has not been established 

ADVERSE REACTIONS The ‘co lowing dala on adverse reactions are based on The subcutaneous or intramuscular routes of admurustration snouic se used 

the subcutaneous Of in==nuse.aradminstration of Roferon-A as a single agent Subcutaneous administration is particularly suggested for Dubnot linwted to 

tor the treatment cl 63am ents wth hairy cell leukemia during investigational patients who are thrombocytopenic (platelet count = 50 000) of whi ware at mss 

tnals in the United Stans for bleedin 

Flu-like syndromes Comamrting o"fatque (89%), fever (98%). chills (64%). myal- injectable Solution 3 

gias (73%) and headtseie (71°. occurred in the majonty of patients and tended to 3 millen IU Roteron-A per viai—Each 1 mL contains 3 mili 

diminish ath continuimotmerapwOlher side effects such as anorexia (46°) interferon alfa-2a, recombinant Roche, 9 mg sodium chionde. 5 mg Albumi 

nausea (32%), emesse “oj, dmerrhea (29%), dizziness (21%), rash (18%) (Human) and 3 mg phenol as a preservative 

change in taste (13°) <cconess er inflammation of the oropharynx (16%), dry 18 million IU Roteron-A per vial —Each 1 mi contains © mimon IU of 

skin oF pruritus (13%. am—weigtt loss (14°) were observed with moderate interferon alfa-2a, recombinant Roche, 9 mg sodium chionde, 5 mg Albumi 

frequency Less commvy, diammoresis (8%), paresthesias (6%), numbness (Human) and 3 mg phenol as a preservative Each 0.5 mL contains 

(6%). partal alopecia = ). reac'rvation of herpes labialis (8%), transient impo- 3 milion IU of Interferon alfa-2a, recombinant Roche 

tence (6%) and arthraicss (5°. were also observed. Rarely (- 3%), central Sterile Powder for Injechon 

nervous system effestsanciudin decreased mental status, depression, visual 18 million IU Roferan-A per vial —Reconstitute with 3 mL divent end swirl 

disturbances, sleep duc_aDanees and nervousness, as well as Cardiac adverse gently to dissolve When reconstituted with Diluent for Roleron-A «act 

events, including NyperS sion. “hes! pain, arrhythmas and palpitations, were t mL of reconstituted solution contains 6 million IU Interferon alfa 2a. recorr 

reported Adverse expences mhich occurred rarely and may have been related binant Roche, 9 mg sodium chionde, 5 mg Albumin (Human) ane Ime 

to underi yng disease. amuded epstaxis, bleeding gums. ecchymosis and phenol as a preservative. Each 0.5 mL contains 3 million IU of Intarteror 

petechiae Miscell anee adverme events, Such as mgnt sweats. urticaria. con- alfa-2a. recombinant Roche. Once the powder is reconstituted ist be 

iunctivitis and inflam Tae on al the ste of injection, were also rarely observed used within thirty (30) days 

Roteron- has a so tes m=valuæed for the treatment of many other types of The stenie powder and its accompanying diluent. the reconstituted aplulion and 

cancer under inves jet“ a! ines n the United States. These studies generally the injectable solution Should be stored in the refngerator at 36 104- f 10 

utilized higher doses I 950 milhon IU me) All of the previously described 8 C). Do not freeze or shake 

adverse eactions wie + ecculred in patents with hairy cell leukemia were also Parenteral drug products should be inspected visually for pariculaternatier and 

observed in patents reving manher doses the incidence of most adverse discoloration prior to admunistration, whenever solution and contame” permit 

reactions was simila’ =limween "e Iwo groups, bul tended to be more severe in HOW SUPPLIED: 

patients who recaivac™waner doses of Roferon-A. Some additiona! adverse Roteron-A injectable Solution: Viais containing 3 milhon IU Interter ilta-2a 

effects whch occurres! “These oabents included confusion (10°), hypotension recombinant Roche (3 milion IU. mL), Boxes of 10 (NDC 0004-'98 1 

(6%). lethargy (2%) ans «iema 3%) Adverse expenences occurring in jess Roferon-A Injectable Solution: Vials containing 18 million 1U interferon alta-2a 

than Mo of these pat ew=and owserved only in patents with malignancies other recombinant Roche (3 milhon IU 0.5 mL) Boxes of | (NDC 0004-1958-09 

than hairy cel leuxenSere as Sllows. Gastrointestinal— abdominal fullness Roteron-A Stenie Powder tor Injection: Viais containing 18 million ILInterteror 

hypermotiity and he ett. Cental Nervous System—-gait disturbance, poor alla-2a. recombinant Roche. with accompanying diluent Soxes of 

coord: nabhon, ha luci 40S. symoope. seizures, encephalopathy, psychomotor (NDC 0004-1993-09) 

retardation, coma, s¥SR trans-ent mchemic attacks, aphasia, aphonia, REFERENCES: 

dysarihna dysp ase “agetiuieess, amnesia, sedation, apathy, anxiety. emo- 1 Town PW et al Cancer 57(Supoi.)'1648-1656. 1986 


tional lability, writabl@y egperacevity involuntary movements, claustrophobia 
and loss of libido; Parmmeral Ne vous System—muscle contractions; Cardio- 
vascular—congesivetee rt fail e pulmonary edema. myocardial infarction 
Raynaud's phenomercomand tc! flashes. Pulmonary—bronchospasm and 
tachyonea: Miscella ns —exeessive salivaton and flushing of skin 
Abnormal Laboratoryéet Values The percentage of patents with hairy cel! 
leukemia or with othes@rses of mabgnancies who experienced a significant 
abnormal laboratory Evalue @ least once during ther treatment is shown in 
the folowing lable 


Foon KA er al. Blood 64(Suppi. 1) 164a. 1984 
Quesada JR et ai Cancer 57(Suppi.). 1678-1680, 1986 
Kauppila A et al Int J Cancer 29-291-294 1982 

Jones GJ. Itn LM: Cancer 57(Supp! ) 1709-1715. 198€ 
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Hairy Cell Overall 
Leukemia Satety Summary” 
in- 63) (n =- 1019) 
Hematologic 
Leukopena 59% 69% 
Neutropenia 39° 58% 
Thrombocytopenia 42% 42% 
Decreased Henogkher- 36% 6.3% 
Decreased Hematom 43% 12.5% 
Mean T me to Nadie 
WBC 38 days 22 days 
Piaimets 19 days 17 days 
Hepatic 
SGOT 47% 78% 
Alkaline Phosphat 18% 48% 
LDH 12% AT% 
Bilirubir 16° 31% 
Renal Urmary 
BUN 2p 10% 
Serum Creative 3% 10% 
Une Acoct’ 6%> 15% 
Proteinuna’ 10% 25% 
Other Chemistry Tes= 
Hypoca cemia 10% 51% 
Elevated Serum Glee 33° 39% 
Elevated Serum Prose®orus 2% 17% 


*Patients with hairy c= Sukenma are included in this overall summary 


'The mapority ol abr coal une sow! values and proteinuria were of minimal 

severity Since (ese 2 oormerties.are commonly observed in patients with 

advanced malna w= 5 dif! to ascertain their relationship to Roteron-A 

treaimerit 

‘Randon gluccse oes unal« 

Neutrahnng ant30d@ © Roteror-A were detected in approximately 27%: of all Roc he Laboratories 
patients (3.4% for Cateeets will fusry cell leukemia). No clinical sequelae of their = P “Thee E 

VISE ] tman- 7 ole 

presence have bee) Geumernec thus tar Antibodies to human leukocyte inter- Divi 310N O Hoff lal) La Ro 5 


leror May occur Sp IGM eous! certain clinical conditions (cancer, systemic ‘a Nutley New Jersey 07110 


Coagulation Factor Deficient Human Plasma 


® Substrate Quality è Fresh Frozen 
è Stable ® Mono-Specific 


COAGULATION DEFICIENCIES AVAILABLE: 


Factor | (Afibrinogenerwa) Factor IX VonWillebrand Trait 


Factor Il Factor X (Mild and Severe) 

Factor V Factor XI Prekallikrein 

Factor Vil Factor X! — Kininogen {HMW} 

Factor Vill Factor XIL  Passovoy Trait 

Factor VII inhibiter Protein C a 





HEMATOLOGY PRODUCTS AVAILABLE: 


Pooled Normal Piasrna Aged Serum 
Assayed Normal Plasma Adsorbed Plasma 
Platelet Free Plasma Coumadinized Plasma 
è Plasmas are fresh frozen, citrated plasmas drawn from carefully screened HUMAN donors with a 


congenital coagulation factor deficiencies. 

è Shipments are packed in dry ice and usually delivered within 24 hours. 

® Special arrangements are made to ship plasma in required volumes in vials (0.5 to 5.0 mi), in bags or 
on standing orders. 


MAXIMUM QUALITY - MINIMUM COST 
GEORGE KING BIO-MEDICAL, INC 


In Kansas 912-469-KING 
11771 West 112th Street, Overland Park, KS 66210 
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The first troche treatment 


for oropharyngea 





candidiasis. 


High clinical cure* rates. 


clinical cure rate of 96% was achieved in 
©e randomized double-blind trial* in which 
“TYCELEX Troche was administered to 
natients with oropharyngeal candidiasis. 
¥her investigators have concluded that 
“TYCELEX Troche “is highly effective 
ceatment for chronic oral candidiasis. ”? 


Dramatic improvement 

im Symptoms. 

“ients attain a high degree of relief at the 
and of therapy, as evidenced by the dramatic 
crease in severity of glossitis, patches, 
æærleche, pain, and other clinical signs and 
semptoms of thrush. 4 


Mycelex Troche 





* Clinical cure is defined as 


Good patient acceptance, 


minimal side effects. 
With MYCELEX Troche, mess) suspenst ms 


and lengthy swishing are things of the past 
MYCELEX Troche has a pleasant, slightly 
sweet taste. And an entire dav's therapy 

5 trroches—can easily be carried in pocket 
or purse. 

Based on a study of 52 episodes of 
oropharyngeal candidiasis, the investigators 
stated: “We believe that the troche form of 
clotrimazole...in the treatment of thrush 
any patient population...is both effective 
and safe.”*" 


absence of signs and sympt 


cf the disease 


"See adjacent page for summary of prescribing information 


including contraindications and adverse reactions 





Clotrimazole)" 


The only troche 


for oropharyngeal 
candidiasis. 





MYCELE*x® (clotrimazole) TROCHE 
indications and Usage: Mycelex Traches are indicated 
for the focal treatment of oropharyngeal candidiasis. 
The diagnosis should be confirmed by a KOH smear 
and/or culurt pror to treatment 

Contraindicamions: Mycelex Troches are conira- 
indicated im patients who are hypersensitive fo any of 
the compcnakis. 

Warning: “vooiex Troches are not indicated tor the 
treatment af s-stemic mycoses. 

Precautions: Sonormal liver function tests have been 
reported in Gapents treated with clotrimazole troches: 
elevated SSCP levels were reported in about 15% of 
patients in ihesciimical tials. in most cases the eleva- 
tions were imal and it was offen impossibie to 
distinguish: effects of clotrimazole from those of other 
therapy ard tre underlying disease (malignancy ir 
most cases). rendie assessment of hepatic function is 
advisable par-ecurany in patients with preexisting 
hepatic imoaeenent, 

Since patiems must be instructed fo allow each 
troche to Cisscive slowly im the mouth in order to 
achieve makum affect of the medication, they must 
be of such an age and physical and/or mental 
condition treemprehend such instructions. 

Carcinogenssis: An 18-month dosing study with 
clotrimazole « rats has not revealed any carcinogenic 
effect. 

Usage ir: Pregnancy: Pregnancy Category ©: 
Clotrimazole as been shown to be embryotoxic in 
rats and mice shen given in doses 100 times the 
agut human ctose (in mg/kg), possibly secondary to 
maternal toxey. The drug was not teratogenic in mice, 
rabbits, anc sets when given in dases up to 200. 180. 
and 100 times che human dose. 

Clotrimazole given orally to mice fram nine weeks 
before mating trough weaning at a dese 120 times the 
human dose was associated with impairment af mating, 
decreasedrumber of viable young. and decreased 
survival to weesing. No effects were observed at 60 
times the human dose. When the drug was given to rats 
during a si@iier time period at 50 times the human 
dose. there wes aslight decrease in the number of pups 
per litter and cecreased pup viability, 

There are nc adequate and well-controlied studies in 
pregnant wormsi. Clotrimazole troches should be usec 
during pregnancy only if the potential benefit justifies 
the potential ask to the fetus. 

Pediatric Use: Safety and effectiveness of clotrimazole 
in children oelew the age of three years have nat beer 
established: terglo, its use in such patients is not 
racommendec. 

Adverse Reactions: Abnormal liver funchoan tests have 
been repomediin patients treated with cloinmazols 
troches, elevated SGOT levels were reported in about 
15% of patents in the clinical trials (see Precautions 
section). 

Nausea ancevomiting was reported in about ane in 
20 patients. 

Dosage and#dministration: Mycelex Troches are 
administerdenly as a lozenge that must be dissolved 
slowly in the mouth. The recommended dose is one 
troche five tires a day for 14 consecutive days. 
Oniy limited 


























ta are available on the safety and 
effectiveness-«f the clotrimazole froche after prolonged 
adiministraion. theretore, therapy should be lirnited to 
short-term use. if possible. 
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Sabunit Assembly of Hemoglobin: An Important Determinant 
of Hematologic Phenotype 


By H. Franklin Bunn 





Hemoglotir’s physiologic properties depend on the orderly 
assembly œ "s sasunits in erythropoietic cells. The biosyn- 
thesis of a anc 3-globin polypeptide chains is normally 
balanced. kene rapidly binds to the globin subunit, either 
during transiatiœr or shortly thereafter. The formation of 
the af-dimer is ‘scilitated by electrostatic attraction of a 
positively Gharge« a-subunit to a negatively charged 8- 
subunit. Tte af -eimer dissociates extremely slowly. The 
difference 2etwaen the rate of dissociation of af- and 
a -dimers th increasing pH explains the well-known 
alkaline reaiscance of Hb F. Two dimers combine to form 
the funct oniag «,3,-tetramer. This model of hemoglobin 
assembly exc’aire the different levels of positively charged 
and negetivaly charged mutant hemoglobins that are 
encountered  hecerozygotes and the effect of a-thalasse- 
mia and hame deliziency states in modifying the level of the 





UST as me accuracy and durability of a fine watch 
deperd <n th well-engineered fit of its moving parts, 


many reg ilacary <veats in biology require dynamic interac- 








tion between the “moving parts” of multisubunit proteins. 
Hemoglobir æ prcpably the most thoroughly studied exam- 





like movemem: between its subunits.'? Our understanding of 
how hercg® an works at the molecular and atomic levels is 
based on ccwtribetians from many disciplines, including 
structural cmd physical biochemistry, molecular genetics, 
and clinicalseedicme. Lessons learned from hemoglobin can 
be applied «th rot to a number of other multisubunit 
proteins, som of which are of special interest to hematolo- 
gists. 

A rigorous set of constraints is involved in the orderly 
constructior f @ nultisubunit protein. In most instances, 
including hemogicain, the unlike subunits are products of 
diferent gere. (E..ceptions include insulin and haptoglobin, 
Whose subur i arexcleaved from a precursor polypeptide and 
linked by di: ucfide sonds.) Efficient biosynthesis of hemoglo- 
bin requires salarzed production of a and 8 polypeptide 
chains. Morzwer. enough heme must be synthesized in the 
mitochoncria to provide each of the newly made globin 
chains with all~mportant prosthetic group. The reaction 
between acrazcane apoglobin is rapid.*° Therefore, it is likely 
that heme * inse-ted into its proper niche either during 
translation «f -he rascent globin chain or shortly thereafter. 
A slight nesmatca in globin chain biosynthesis can be 
tolerated because erythroid precursor cells have an efficient 
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variant hemoglobin as weil as Hb A,. Electrostatic interac- 
tions also affect the binding of hemoglobin to the cytoplas- 
mic surface of the red cell membrane and may underlie the 
formation of target cells. Enhanced binding of positively 
charged variants such as S and C trigger a normally 
dormant pathway for potassium and water loss. Thus, the 
positive charge on §° is responsible for the two major 
contributors to the pathogenesis of Hb SC disease: 
increased proportion of Hb S and increased intracellular 
hemogiobin concentration. tt is likely that electrostatic 
interactions play an important role in the assembly of a 
number of other multisubunit macromolecules, including 
membrane receptors, cytoskeletal proteins, and DNA bind- 
ing proteins. 
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adenosine triphosphate-dependent proteolytic system’? that 
attacks free subunits”'® but leaves assembled dimers and 
tetramers unscathed. Likewise, excess hemin can be catabo- 
lized by an inducible microsomal oxygenase.'' Despite inten- 
sive experimental scrutiny, the mechanisms responsible for 
the precise coordination between the synthesis of globin 
subunits and that of heme are unclear. These good house- 
keeping practices are essential to normal red cell viability, 
The thalassemias are prototypes of chain imbalance. Most of 
the phenotypic features of both the 8-thalassemias and the 
a-thalassemias can be explained by either the deleterious 
effect of free subunits on the red cell membrane or the 
accumulation of these relatively insoluble and noncoopera- 
tive subunits in the cytosol. 


SUBUNIT ASSEMBLY OF HEMOGLOBIN 


Once equivalent amounts of a- and 8-subunits have been 
translated on their respective polyribosomes, and once heme 
has been inserted, the hemoglobin subunits are now faced 
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with the challeng-ng task of diffusing within the thick tomato 
soup and finding unlike partner subunits so that they can 
assemble into the functional œB tetramer. A growing body 
of hematologic 2nd experimental evidence indicates that 
subtle alterations in the rate of subunit assembly are prime 
determinants of the distribution of hemoglobins seen in 
normal and pathc ogic red cells and can explain a number of 
hitherto puzzling ohenotypic features. 

The steps in hemoglobin assembly are depicted schemati- 
cally in Fig l. Note that a heme-intact 6-subunit will 
combine with a heme-intact a-subunit or, alternatively, may 
aggregate with like 3-subunits to form 8,-tetramers or Hb H. 
Under normal cicumstances the concentration of free 8- 
subunits is likely to be sufficiently low that there is no 
significant amour of 8, in the cytosol of erythropoietic cells. 
In contrast, in cestain types of a-thalassemia, Hb H and its 
fetal counterpart Hb Barts (y,) can be detected, and in the 
case of hydrops fetalis (deletion of all four a-globin genes 
[--/--]), these horsotetramers are virtually the only hemoglo- 
bins detected. 

The critical ane rate-limiting step in hemoglobin assembly 
is the simple bimolecular reaction a + 8 -> aß. This 
noncovalent reacien is nearly irreversible. As discussed 
later, the reverse seaction does occur but slowly. In contrast, 
the combination of two like a@-dimers to form the œ fy 
etramer is ready reversible.'*'*? The interface at which 
these two dimer: slide on each other is crucial to the 
cooperative behavior of hemoglobin. 
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Fig 1. Assemly of hemoglobin. The a- and 8-globin polypep- 
tides are translated on their respective mRNAs. On binding of 
heme, the protein olds into its native three-dimensional structure. 
The binding of a and §-hemoglobin subunits to each other is 
facilitated by electrostatic attraction. An unstable intermediate 
encounter complex can rearrange to form the stable af-dimer. 
Two dimers comtne to form the functional aĝ,- tetramer. 
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SURVEY OF MUTANT HEMOGLOBINS 


The vast body of information on the human hemoglobin 
variants can provide special insights into the mechanism of 
subunit assembly. Several independent factors influence the 
formation of normal and mutant hemoglobins.*'* A few 
variant subunits are synthesized at a significantly lower rate 
than that of their normal counterparts. Examples include Hb 
E and Hb Knossos,'® in which the mutations lead to 
defective 6-globin mRNA processing, and therefore signifi- 
cantly reduced protein synthesis and a thalassemic pheno- 
type. In contrast, the vast majority of variant subunits appear 
to have normal rates of transcription and translation. 
Another factor that influences the amount of variant hemo- 
globin in the red cell is the stability of the variant subunit. 
Among the 70-odd unstable 6-globin variants that have been 
reported to date, mest constitute less than 30% of the total 
hemoglobin, owing to increased catabolism of the variant 
both in erythroid precursor cells and in the circulation.” 

A third factor, differences in the rates of subunit 
assembly, could explain the variability in the levels of most of 
the stable hemoglobin variants. Even smali differences in the 
rates of combination of variant subunits with normal partner 
subunits could have a significant effect on the distribution of 
hemoglobins in the red cell. In order to explore this hypothe- 
sis, we surveyed reports in the literature on §-globin vari- 
ants.® Humans inherit two 6-globin genes, one from each 
parent. Accordingly, if a variant @-subunit is translated at a 
normal rate and has normal stability and solubility, red cells 
of heterozygotes would be expected to contain equal amounts 
of the normal and variant hemoglobin.* However, the 
reported values show unexpected variability. Many of the 
commonly encountered 8-globin variants are present in 
significantly lower amounts than in Hb A. As shown in Fig 2, 
these variants tend to be positively charged. In the presence 
of a-thalassemia, where there is a limiting amount of a- 
chains, the proportion of the positively charged variant is 
further decreased in proportion to the number of a-globin 
genes deleted. In contrast, negatively charged variants are 
often present in heterozygote red cells in amounts greater 
than Hb A. In one case (Hb J-Baltimore), the presence of 
a-thalassemia resulted in an increase in the proportion of the 
variant. Another variant (Hb N-Baltimore) was unchanged 
by the presence of a-thalassemia. 

The levels of the stable 8-globin variants shown in Fig 2 
are independent of the location of the amino acid substitution 
on the surface of the molecule. All substitutions at the 
interfaces between a and 8 subunits were excluded from this 
analysis because structural alterations at these sites could 
have a direct effect on hemoglobin assembly independent of 
charge. Moreover, e-globin variants were excluded for two 
reasons. First, the levels of a-globin mutants are markedly 
affected by a-thalassemia, a condition that is often not well 
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*in normal red cells, the minor components, Hb A,, F, and the 
glycated hemoglobins (Hbs A,,, Aj, etc) compose about 10% of the 
total hemoglobin. Therefore, in 8-globin heterozygotes the variant 
and normal Hb A would each constitute 45% of the total if they had 
equal rates of synthesis and assembly as well as equal stability. 


SUBUNIT ASSEME.»” OF HEMOGLOBIN 
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Fig 2. Aj} E#Łet of charge on the proportion of abnormal 
hemogiobir in imc viduals heterozygous for 72 stable 8-globin 
variants. Each det point represents a mean value for a given 
variant. The solic »oints (@) denote measurements of Huisman*™™ 
using high~-esolut-on chromatography. Substitutions involving a 
histidine residue waro scored as a change of one half charge. The 
“1” group differ: significantly from the “+1” group (P < .001) 
and from the “0” group {P < .05). (B) Effect of a-thalassemia on 
the proportion of -ix positively charged 8-chain variants (@) and 
two negatively che-ged variants (OC) {data from Bunn and McDon- 
aid”). 








documented in tae literature. Secondly, there is a twofold 
difference n the expression of the two tandem a-globin genes 
both at the mRNA level”? and at the protein level.” Both of 
tnese factors weuld confound interpretation of levels of 
a-globin mutans in heterozygotes. 

These hemats ogic observations suggest that the surface 
charge of suburass is an important determinant of hemoglo- 
bin assemoly. “is hypothesis can be tested by preparing 
normal and varant subunits, mixing them, and monitoring 
the formation ax. dissociation of aB-dimers. 


DISSOCIATION OF af-DIMER INTO MONOMERS 


Unti recentie the combination of a-and 8-monomers to 
form the a@-direer was generally regarded as an irreversible 
reaction. Extrer2, nonphysiologic solvent conditions were 
thought to be necessary to split the dimer into its constituent 
subunits. However, experiments measuring the displacement 
of a-subutits wth radio-labeled a-subunits have shown 
conclusively thac under physiologic conditions, the a8-dimer 
slowly dissociats. into monomers.”*”> This first-order reac- 
tion is sersitive to temperature, pH, and ionic strength. 
Measurement o dimer dissociation has provided an explana- 
tion of a icng-rezograized and useful property of fetal hemo- 
globin: res:stanee to alkaline denaturation.” The ay-dimer 
of Hb F dssociztes about half as rapidly as that of Hb A at 
neutral pt. As cH is increased, the difference widens. The 
relatively slow race of avy dissociation at high pH compared 











to that of a8 dimer can be explained by the substitution of 
threonine for cysteine at position 112. This residue is one of 
the three sites at the intersubunit interface at which the y- 
and -subunits differ. It is likely that ionization of the 
sulfhydryl group of 8112 Cys at high pH contributes to 
subunit dissociation and subsequent denaturation of Hb A.” 


ASSOCIATION OF MONOMERS INTO af-DIMERS 


The rate-limiting step in hemoglobin assembly is the 
combination of heme-intact œ- and @-globin subunits to form 
the aG-dimer. This reaction can be monitored by spectros- 
copic means to give a second-order rate constant of about 8 x 
10° M~'s~'2??8 This rate is nearly three orders of magnitude 
slower than the diffusion-limited rate for the combination of 
two macromolecules the size of globin subunits. Because of 
inherent inaccuracies in these spectroscopic measurements, 
we used subunit competition experiments to examine the 
assembly of hemoglobin variants and to test the effect of 
surface charge.” Previous experiments had shown that a- 
subunits combine about two times more readily with 8^ than 
with caai 

Our subunit competition experiments were performed by 
incubating varying amounts of -subunits with an equimolar 
amount of normal (8^) and variant (8*) 8-subunits and then 
measuring the amounts of hemoglobin formed (Hb A and Hb 
X) by high-performance liquid chromatography and isoelec- 
tric focusing. Globin subunits were prepared with sufficient 
care that the addition of a-chains to an equivalent amount of 
8-chains resulted in the stoichiometric formation of hemoglo- 
bin tetramers having completely norma! oxygen binding. 
These competition experiments closely simulate the in vivo 
situation in erythroblasts of heterozygotes where normal and 
variant -subunits are competing for a-subunits. A low ratio 
of a to 8^ + B* mimics the coexistence of a-thalassemia. At 
physiologic pH (7.2), the a-subunit has 2.4 positive charges, 
while the 8“ subunit has 2.5 negative charges. Therefore, it 
makes sense that the two subunits would be pulled together 
by electrostatic attraction. This attraction would be altered if 
a variant -subunit (8%) differed significantly in surface 
charge from 8^. As shown in Fig 3, in the presence of limiting 
amounts of a-chains, the formation of Hb X relative to HbA 
was directly related to the surface charge of the variant 
8-subunit. At pH 8.0, where a-subunits are at their isoelec- 
tric point and therefore lack significant net surface charge, 
differences in charge on the -subunit no longer affect the 
rate of a@-dimer formation. These subunit competition 
experiments are in satisfactory agreement with a theoretical 
model based on the effect of smeared charge on the diffusion- 
limited association of macromolecules. As mentioned earlier, 
the overall rate of combination of a- and §-subunits is 1,000 
times slower than the diffusion-limited reaction rate. More- 
over, there is no significant difference in the rate of dissocia- 
tion of a@-dimers of widely different charges (a8™, af^, 
a8“). Taken together, these observations strongly suggest 
that hemoglobin assembles by the formation of an interme- 
diate encounter complex (a .. 8) that can relax into the 
stable a8-dimer: 
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Fig3. Subuni: competition. Equimolar mixtures of normal (8^) 
and a variant 6-suunit (8", 8°, 8°, 8°) were mixed with increasing 
amounts of tritiun-iabeled a-subunits. At intracellular pH (7.2) 
these variant -subunits in their native heme-intact state have net 
surface charges o —4.5, —3.5, — 1.5, and --0.5, respectively. The 
products (Hb A asd Hb Xi were measured by high-performance 
liquid chromatography. The solid lines represent the computed 
theoretical fit for competitive recombination reactions between 8^ 
and 8", assuming that at low a-chain concentrations, the Hb X-Hb 
A ratio is a mease-e of tha relative rates of assembly of af” and 
af” (data from Mrabet et al”). 


EFFECT OF SUBUNIT ASSEMBLY ON HEMOGLOBIN 
PHENOTYPE 


This electrostatic model of hemoglobin assembly provides 
a sound explanetion for why the levels of stable, positively 
charged 8-globiz variants in heterozygotes tend to be rela- 
tively low compered with Hb A and are further lowered in 
the presence of «-thalassemia. It also explains the converse 
observations on the negatively charged variants (see Fig 2). 
In addition, this model explains a number of other hemato- 
logic observations. 

The pathophysiologic consequences of the sickling disor- 
ders are determned primarily by the concentration of Hb S 
in the patient’s red cells.** Why do SC heterozygotes have a 
disease that is sometimes as severe as that of SS homozy- 
gotes, while AS heterozygotes are virtually free of clinical 
manifestations? There are two reasons why Hb S polymer- 
izes more readily in SC than in AS red cells. First, because of 
potassium and water loss imposed by the presence of C 
hemoglobin,” SC red cells have a relatively higher concen- 
tration of total kemoglobin.**?’ Second, and of equal impor- 
tance, the propection of Hb S is 10% to 15% higher in SC red 
cells than in AS red cells.” The latter finding can be 
explained by dif-zrences in the rates of subunit assembly. As 
shown in Fig 3. the relative rates of a@-dimer formation is 
A > S > C. These differences are reflected in the levels of 
hemoglobins in 4S and SC red cells. The converse situation 
pertains when Hb S is inherited with a negatively charged 
B-globin variant. In these double heterozygotes, the propor- 
tion of Hb S is even lower, and thus the proportion of the 
variant is even higher than that found in association with Hb 
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A. For example, the proportion of Hb Pyrgos (6 83 Gly —> 
Asp) was 62% in an S/Pyrgos double heterozygote, com- 
pared with 52% in relatives who were A/Pvrgos heterozy- 
gotes.” These findings are again fully consistent with the 
effect of surface charge on the assembly of normal and 
variant hemoglobins. 

Measurement of minor hemoglobin compenents has been 
useful in the diagnosis of a number of hematclogic disorders. 
Hb A, (a,6,) normally constitutes about 2% of the hemoly- 
sate. This component is increased approximately twofold in 
B-thalassemia trait and decreased in various forms of a- 
thalassemia as well as in two acquired disorders: iron 
deficiency’ and sideroblastic anemia.***’ In the latter two 
conditions, a relative deficiency of a-globim synthesis has 
been noted in some studies.“*“* Therefore, they can be 
considered acquired forms of a-thalassemia. The 6-globin 
subunit is considerably more positively charged than is the 
8-subunit. Therefore, when the production of a-globin is 
limiting (a-thalassemia), the relative amount of Hb A, 
would be expected to decrease. In contrast, when a-subunits 
are present in excess, as in §-thalassemia, the small amount 
of -subunits that are produced should be fully titrated, and 
therefore Hb A, increases. This proposal is supported by 
competition experiments showing that a-subunits bind more 
avidly to 8- than to 5-subunits.*’ The contribution of subunit 
competition to the formation of Hb A, provides a reasonable 
explanation for the slight elevation in Hb A, that has been 
noted in individuals with sickle trait (AS) as well as in SS 
homozygotes who also have a-thalassemia.” 

Hb F (a,7,), the major hemoglobin component of the 
fetus, is normally replaced by Hb A by means of a switching 
mechanism that takes place during the latter part of gesta- 
tion. Whatever Hb F that remains is compartmentalized in a 
restricted population of red cells. Elevations of Hb F in a 
variety of congenital and acquired disorders are generally 
proportional to the number of F cells that are produced. 
However, levels of Hb F could also be affected by differences 
in assembly. Because 8- and y-subunits differ considerably in 
primary structure (39 out of 146 residues), it is likely that 
factors other than charge affect their relative rates of binding 
to a-subunits. Because native heme-intact -+y-subunits are 
difficult to isolate and work with, no competition experi- 
ments have been done. However, some recen clinical obser- 
vations address this issue. In newborns, the proportion of Hb 
F is lower in those with a-thalassemia than in those having all 
four a-globin genes.” In addition, an individual heterozygous 
for deletion-type hereditary persistence of fetal hemoglobin 
was found to have only 7% Hb F when he had severe iron 
deficiency.*! Iron replacement resulted in increased synthesis 
of a-globin subunits as well as an increase in Hb F to a 
steady-state level of 25%. These hematologic observations 
suggest that a-subunits combine less readily with y- than 
with 8-subunits. 

In keeping with this model of hemoglobin assembly are the 
observations that when AS and AE heterozygotes become 
iron deficient, the level of the positively charged variant 
hemoglobin drops markedly? but, as with the patient 
described earlier, is readily corrected by iron replacement. It 
is likely in all these cases that the acquired a-thalassemia 


SUBUNIT ASsEMEL a? OF HEMOGLOBIN 





intensifies ve competition between normal and the variant 
subunit. 
Althougr a lage body of hematologic and experimental 





observations supposts this model certain exceptions can be 
cited. For <xamr.e. the level of Hb C in AC individuals 1s 
about the same -s that of Hb S in those with sickle trait 
(Fig 2). Mwreowe-, o-thalassemia has no effect on the pro- 
portion of S and Z hemoglobin in individuals with SC 
decrease. Thus. in vivo 85 and 8° compete about equally 
well for a~subur ts. whereas in vitro (Fig 3) 8° combines 
about three time: as readily as 6°. It is possible that mild 
instability af Ht S* is an independent contributor to the 
proportion af Ho 5 (p circulating red cells. 


TARGET CELLS 


The sur’ace carge of hemoglobin may impact on another 
phenotvpic featuce: red cell volume. One of the most com- 
monly observed <huracteristics of “hemoglobinopathies”’ is 
the presence of target cells on dried blood films. This finding 
is accompe {ied bv a shift to the right of the osmotic fragility 
curve indicative of a relative decrease in the ratio of cell 
volume to surface asea. Target cells are prominent in the 
following <2mmeniy encountered genotypes: CC, AC, SS, 
EE, AE, cad DB. Im a rare homozygote with hemoglobin 
Q-Arab, bath terze: cells and a right-shifted osmotic fragil- 
ity were nosed.” AL of these variants are positively charged. 
There is sad ex~emmental evidence that hemoglobin binds 
to the :nne~surfaze o” the red cell membrane by electrostatic 
interactions,””* =rdbably to a negatively charged domain on 
the cytopizemic sale cf the major integral membrane protein, 
Band 3. Tkereforz, + is likely that this binding is affected by 








the surface charge of hemoglobin. Hb C binds more strongly 
than Hb A to the cytoplasmic surface of red cell mem- 
branes.” This “assembly” may be an integral part of a 
recently described pathway that causes leakage of potassium 
and water from red cells. This pH-and-ionic strength- 
dependent pathway is active in CC red cells and is also 
readily observed in AC, SS,“ and EE red cells. Thus, the 
surface charge of hemoglobin may be a critical determinant 
of red cell volume and may explain the presence of cell 
dehydration and target cells that is such a prominent feature 
of the common positively charged variants. 


BROADER IMPLICATIONS 


The assembly of hemoglobin is apt to se relatively simple 
compared with that of other biologically important macro- 
molecules. An array of biophysical probes is becoming 
available to investigate these importar: posttranslational 
events. Examples of particular interes: to hematologists 
include (a) secreted proteins, such as immunoglobulin and 
factor VIH-von Willebrand factor; (b) membrane complex- 
es, such as the T cell receptor for antigen and platelet 
membrane glycoproteins 2B-3A; (c) struetural proteins such 
as the spectrin-actin-4.1 assembly in the red cell cytoskele- 
ton; and (d) the complex variety of protein-DNA and 
protein-RNA interactions that regulate gene expression. 
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Evidence for Chemical Differences in HLA-DR Molecules on Autologous Acute 
Lymphoblastic Leukemia and B-Lymphoblastoid Cell Lines 


By Lynn Graf and John M. Pesando 


HLA-DR molecules on autologous acute lymphoblastic leu- 
kemia (ALL) and B-lymphoblastoid celi lines from two 
individuals were compared by immune precipitation and gel 
electrophoresis. Cells were surface labeled with "I and 
proteins immunoprecipitated with specific monoclonal 
antibodies (MoAb). Two electrophoretically distinct bands 
were found in the HLA-DR beta chain region on both ALL 
cell lines in contrast to only one on each of the autologous 
B-iymphoblastoid cell lines. Differences in the electropho- 
retic mobility of the alpha chains were also observed with 
ALL and B-lymphoblastoid cell lines from one individual. 
Preclearing of radiolabeled cell lysates with MoAb specific 
for HLA-DQ and -DP molecules demonstrated that the 
complexity of the HLA-DR pattern is not the result of 


Ooo I AND H MOLECULES of the major histocom- 
patibility complex (MHC) serve as corecognition ele- 
ments in antigen presentation to T lymphocytes. Small 
differences in these cell surface glycoproteins can profoundly 
affect their ability to mediate interactions among cells 
involved in the immune response.' Recent studies indicate 
that alterations in these molecules contribute to malignant 
behavior by interfering with the recognition of tumor cells by 
the immune system of the host.?~* 

Class H molecules are polymorphic heterodimers com- 
prised of heavy (alpha) and light (beta) chains having 
molecular weights of 33 to 35 kilodaltons (kd) and 26 to 31 
kd, respectively. In an extensive series of experiments using 
indirect immunofluorescence and immunoprecipitation as- 
says, we have previously shown that malignant B cells often 
fail to express one or more of the three types of class II 
molecules (HLA-DR, -DQ, and -DP) present on normal B 
lymphocytes.” We now demonstrate by immunoprecipitation 
and gel electrophoresis that serologically identical HLA-DR 
molecules expressed on cell lines derived from autologous 
normal and malignant B cells from two individuals with 
acute lymphoblastic leukemia (ALL) are chemically dis- 
tinct. These HLA-DR molecules differ in their sialic acid 
content, although we cannot rule out additional chemical 
differences at this time. | 


MATERIALS AND METHODS 


Cell lines and antibodies. The autologous ALL (Laz 221 and 
NALM-6) and Epstein-Barr virus (EBV)-transformed normal B 
cell lines (Laz 388 and B85) have been described previously.’ The 
autologous nature of each pair of cell lines was confirmed by HLA 
typing with alloantisera by Dr Patrick Beatty of the Puget Sound 
Blood Center. Laz 221 and Laz 388 cells are HLA-DR1, DRS-, and 
DRw52-positive, while NALM-6 and B85 are DR3-, DR7-, and 
DRw52-positive. All cells were cultured in RPMI 1640 medium 
(GIBCO, Grand Island, NY) supplemented with 10% fetal bovine 
serum (Hyclone, Logan, UT). Class H molecules were identified by 
the following monoclonal antibodies (MoAb): HLA-DR (p4.1,° I-2,° 
ISCR3,"° 1-32, 7.2,"' and SFR16-DR7M"); HLA-DQ (Leu 10,” 
Genox 3.53,'* and 1-296); and HLA-DP (B7/21"°) (specificities as 
discussed in Pesando and Graf’). 

Cell surface labeling, immunoprecipitation, and gel electropho- 
resis. Cells were surface-labeled with `I (1 mCi/25 x 10° cells) 
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antibody cross-reactivity with alpha and beta chains from 
other class ll products. Immunoprecipitation experiments 
indicated that two beta chain bands are observed with 
the B-lymphobiastoid cell line from an HLA-DR3,7~—positive 
individual. We conclude that the HLA-DR molecules 
expressed on ALL and B-lymphoblastoid cell lines from the 
same individual can differ chemically. Neuraminidase treat- 
ment reduced these electrophoretic differences, indicating 
that these molecules differ in their sialic acid content. 
Since small changes in class i! molecules can profoundly 
alter cellular interactions, the functional significance of 
these differences requires further investigation. 

e 1987 by Grune & Stratton, inc. 


using the lactoperoxidase method’ and lysed with Tris-HCI- 
buffered Triton X-100 (Sigma, St Louis). MoAb as hybridoma 
supernatants or ascites fluid were adsorbed to the appropriate matrix 
(Protein A-Sepharose, Pharmacia, Piscataway, NJ, or rabbit anti- 
mouse Ig Sepharose) overnight prior to addition of radiolabeled 
lysate. Class HH molecules were immunoprecipitated and prepared 
for sodium dodecyl! sulfate~polyacrylamide gel electrophoresis 
(SDS-PAGE) on 25-cm 10%- to 15%-gradient slab gels according to 
the method of Dobberstein et al.'* For sequential immunoprecipita- 
tions, lysate was first depleted of one antigen by four treatments with 
the same MoAb before being used for immunoprecipitation with 
additional MoAb. 

Where indicated, immunoprecipitates were treated four times 
with 0.025U neuraminidase (Vibrio cholerae, Calbiochem, San 
Diego) over a period of six hours at 37°C in 0.1 mol/L acetate 
buffer, pH 5.5, containing 9 mmol/L CaCl, prior to two-dimensional 
gel electrophoresis. Washed immunoprecipitates were separated by 
SDS-PAGE as described above. HLA-DR molecules were located 
with the aid of fluorescent marker proteins, excised, and analyzed’by 
isoelectric focussing (IEF) at pH 5 to 8 as described by Shackelford 
and Strominger."” 


RESULTS 


Molecules identified by HLA-DR-, -DQ-, and -DpP- 
specific MoAb were precipitated from surface-iodinated 
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Fig1. Comparison of class Il molecules on autologous ALL and 
B-lymphoblastoid cell lines by SDS-PAGE. The class Il molecules 
from Laz 221 (lanes A through C) and Laz 388 (lanes D through F) 
cells were immunoprecipitated with the HLA-DP-specific MoAb 
B7/21 (lanes A and D), the HLA-DR-specific MoAb p4.1 (lanes B 
and E), and HLA-DQ-reactive MoAb Genox 3.53 (lanes C and F). 
2 x 10° cell equivalents were used for each immunoprecipitation, 
and the autoradiogram was exposed 1 week. The varying intensity 
of these bands does not necessarily reflect the number of mole- 
cules expressed because of differences in the efficiency of iodina- 
tion of different cell lines and molecules. Approximate molecular 
weights in kilodaltons are indicated on the left. 


autologous ALL and B-lymphoblastoid cell lines (Figs | and 
3). HLA-DR and -DP molecules were detected on both ALL 
and B-lymphoblastoid cell lines, whereas HLA-DQ mole- 
cules were detected only on B-lymphoblastoid cells, in agree- 
ment with our previous data.* SDS-PAGE analysis of mole- 
cules on Laz 221 and Laz 388 cells (Fig 1) demonstrated the 
presence of two electrophoretically distinct HLA-DR beta 
chain bands of equal intensity on the ALL cell line versus a 
single beta chain on the autologous B-lymphoblastoid one. 
Side-by-side comparison also revealed slight differences in 
the electrophoretic mobility of the respective alpha chains. 
Four additional HLA-DR-specific MoAb (1-2, 1-32, 7.2, 
and ISCR3) produced identical results with these autologous 
cell lines (data not shown). Thus it is unlikely that the 
additional HLA-DR beta chain band is a protein that was 
nonspecifically coprecipitated by MoAb p4.1. Neither the 
position nor the intensity of any of the HLA-DR bands was 
altered by exhaustive preclearing of the radiolabeled lysate 
with MoAb specific for either HLA-DQ (Genox 3.53) or 
HLA-DP (B7/21) molecules, demonstrating that cross- 
reactivity of HLA-DR antibodies with other class H prod- 
ucts was not responsible for the complexity of the pattern of 
HLA-DR molecules on the ALL cells (Fig 2). There may 
also be slight differences in the higher molecular-weight 
region of the HLA-DP molecules radiolabeled on these two 
cell lines, but the poor resolution of HLA-DP beta chain(s) 
on Laz 221, a consistent finding with this cell line, did not 
permit an exact comparison. HLA-DP alpha chains are not 
radiolabeled by surface iodination." 

Figure 3 shows a similar comparison of a second ALL cell 
line, NALM-6, with its autologous B-lymphoblastoid cell 
line B85. HLA-DR-specific MoAb again immunoprecipi- 
tated what appear to be two distinct bands in the beta chain 
region in the ALL cells, with the upper band being fainter 
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Fig 2. Sequential immunoprecipitations with anti—cless Il 
MoAb. Lysates from surface-iodinated Laz 221 cells were pre- 
cleared in parallel with MoAb specific for HLA-DQ (Genox 3.53, 
lanes A through C), HLA-DP (B7/21, lanes D through F) or HLA-DR 
(p4.1, lanes G through I) and split into three aliquots which were 
used for immunoprecipitation with the same three antibodies. 
Lanes A, D, and G: Genox 3.53; lanes B, E, and H: p4.1; lanes C, F, 
and |: B7/21. 


than the lower one. A shorter exposure of this autoradio- 
graph (data not shown) confirmed the appearance of only a 
single HLA-DR beta chain band on the B85 cell line (lanes F 
and G). 

Both pairs of autologous cell lines are heterozygous for 
HLA-DR molecules (see Materials and Methods). Reactiv- 
ity of alloantisera indicate that NALM-6 and B85 are both 
HLA-DR3,7-positive. To determine the contributions of 
these two parental HLA-DR haplotypes to the observed 
electrophoretic patterns, we isolated and studied these mole- 
cules using the polymorphic HLA-DR-specific MoAb 1-2 
and SFR16-DR7M. I-2 reacts with cells of all HLA-DR 
types except DR7.’ Thus it should only react with HLA-DR3 
molecules on NALM-6 and B85. In contrast, SFR6-DR7M 
only binds to molecules that carry the HLA-DR7 serologic 
specificity.'?, Immunoprecipitation with these two MoAb 
(Fig 4) indicated that HLA-DR3 and -DR7 molecules are 
expressed on both of these cell lines. Moreover, the beta 
chains of both the HLA-DR3 and -DR7 molecules appeared 





Fig 3. Class li molecules on the NALM-6 (lanes A through E) 
and B85 (lanes F through J) cell lines were detected by immuno- 
precipitation with MoAb B7/21 (lanes A and J); HLA-DR-specific 
MoAb p4.1 (lanes B and F) and l-2 (lanes C and G); and HLA- 
DQ-reactive MoAb Leu 10 (lanes D and H) and 1-296 (tanes E and 
1). 
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Fig 4. Analysis of HLA-DR molecules immunoprecipitated 
from surface-iodinated NALM-6 (lanes A and B) and B85 (lanes C 
and D) cells by polymorphic MoAb. MoAb l-2, which reacts only 
with DR3 molecules in these cells, was used for lanes A and C. The 
DR7-specific MoAb SRF16-DR7M was used for samples in lanes B 
and D. 


as doublets in the ALL cell line and as singlets in the 
B-lymphoblastoid line. 

Since both the alpha and beta chains of HLA-DR mole- 
cules are glycosylated,” we evaluated the possible role of 
sialic acid residues in producing the apparent molecular- 
weight differences and doublet patterns observed by SDS- 
PAGE. Immunoprecipitates from all four cell lines were 
treated with neuraminidase (0.1 U total) or sham-treated 
and analyzed by SDS-PAGE (Fig 5). Treatment with neur- 
aminidase reduced the apparent molecular weight of both 
the alpha and beta chain(s) on all cell lines, but some 
differences remained between the HLA-DR molecules from 
autologous cell populations. Treatment of the sample shown 
in lane E with twice the standard amount of neuraminidase 
produced no further changes detectable in this gel system. 
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Fig 5. Effect of neuraminidase treatment. HLA-DR molecules 
were immunoprecipitated with the HLA-DR-specific MoAb p4.1 
from Laz 221 (A and C), Laz 388 (B, D, and E), NALM-6 (F and H) 
and B85 (G and I) cell lines. Samples were sham-treated (A, B, F, 
and G) or treated with 0.1 U neuraminidase (C, D, H, and I). Sample 
E from Laz 388 celis was incubated with 0.2 U neuraminidase. 
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Fig 6. Two-dimensional gel electrophoresis of HLA-DR mole- 
cules immunoprecipitated from Laz 221 (ALL) and Laz 388 (NML) 
cells with MoAb ISCR3. The samples with (A) or without (B) 
neuraminidase treatment were separated by SDS-PAGE, then 
analyzed on an isoelectric focussing gel, pH 5 to 8. Brackets 
indicate the approximate position of alpha and beta chains. The 
acidic pole is to the right and the basic pole to the left. 


HLA-DR molecules from the Laz 221 and Laz 388 cell 
lines (DR1,5; DRw52) were also analyzed with and without 
neuraminidase treatment by two-dimensional gel electropho- 
resis according to the method of Shackelford and Stromin- 
ger'* (Fig 6). The MoAb used (ISCR3) has been shown to 
react with both the DRI and DRS haplotypes. Two rows of 
spots in the beta chain region, one above the other and with 
the upper set shifted slightly to the acidic pole, were observed 
in samples of the ALL line that were processed without 
neuraminidase treatment (Fig 6B). Only a single row of spots 
was present in HLA-DR molecules from corresponding 
samples from the B-lymphoblastoid cells. The desialylated 
HLA-DR beta chains on these autologous cell lines (Fig 6A) 
appeared to be quite similar. 

HLA-DR molecules immunoprecipitated from NALM-6 
and B85 cells with the 1-2 and SFR16-DR7M MoAb were 
also treated with neuraminidase and analyzed by two dimen- 
sional gel electrophoresis (Fig 7). The HLA-DR7 beta chain 
spots are more acidic than those from HLA-DR3 molecules. 
This confirmed that the two MoAb react with different 
HLA-DR molecules. The desialylated HLA-DR beta chains 
on the autologous ALL and B-lymphoblastoid cell lines again 
appeared to be quite similar. Minor differences remaining 
could result either from incomplete removal of sialic acid 
residues or from further as yet unidentified glycosylation 
differences. 


DISCUSSION 


These electrophoresis studies document chemical differ- 
ences in the HLA-DR molecules expressed on autologous 
malignant versus EBV-transformed B cell lines from two 
individuals with ALL. The most significant finding is the 
presence of two electrophoretically distinct bands in the beta 
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treated HLA-DR molecules from NALM-6 (ALL) and B85 (NML) 
cells. The HLA-DR3-specific MoAb Il-2 and the HLA-DR7-specific 
MoAb SFR16-DR7M were used to study both of these cell lines. All 
four samples were compared simultaneously as in Fig 6. 


chain region of HLA-DR molecules from ALL but not 
B-lymphoblastoid cell lines. This pattern is observed with 
multiple monomorphic HLA-DR-specific MoAb. Use of 
polymorphic HLA-DR-specific MoAb indicates that two 
beta chain bands are found with both of the parental 
HLA-DR molecules on ALL cells from an HLA-DR 3,7- 
positive individual. We cannot yet determine what role, if 
any, HLA-DR beta chains carrying the alloantisera-defined 
DRw52 specificity play in the electrophoretic patterns 
observed. Immunodepletion studies employing HLA-DQ- 
and -DP-specific MoAb indicate that the unique appearance 
of HLA-DR molecules on ALL cells is not due to serologic 
cross-reactivity with the alpha or beta chains of other class H 
molecules. While we do not know how closely the HLA-DR 
molecules on the two types of B cell lines resemble those of 
normal and malignant B cells occurring in vivo, this is the 
first report describing differences in the HLA-DR molecules 
on autologous cells within the same lineage. 
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If the genes encoding class II molecules are identical in 
normal and leukemic B cells from the same individual, then 
differences in individual molecules expressed on the cell 
surface most likely reflect unique post-translational modifi- 
cations of common precursor proteins or variable surface 
expression of shared molecules. Our studies indicate that the 
HLA-DR molecules from these two cell types differ in their 
sialic acid content. Whether additional glycosylation differ- 
ences also play a role in the observed unique electrophoretic 
patterns is unclear. Molecular weight variations between the 
alpha chains of HLA-DR molecules on a human melanoma 
line and its autologous B-lymphoblastoid cell line were found 
to reflect unique carbohydrate structures including but not 
limited to sialic acid." 

Small changes in class II molecules can have profound 
effects on the process of self-recognition. Thus the sponta- 
neous bm12 mutant of the mouse demonstrates mixed lym- 
phocyte reactivity with cells of the parent strain, a new 
pattern of MHC-restricted antigen presentation, and altered 
binding of class Il-specific MoAb.” The class II molecules 
of the parent and mutant strains differ by only three amino 
acids.’ Single amino acid substitutions in murine class I] 
molecules can similarly alter their capacity to present anti- 
gens to T lymphocytes.'**** Cowing et al™™™ report that 
differences in the carbohydrate moieties on class II mole- 
cules can also affect their function. The increased number of 
sialic acid residues on class II molecules from resting B 
lymphocytes versus accessory cells from mouse spleen 
appears to impair the ability of the former cells to activate T 
lymphocytes. Treatment of splenic B cells with neuramini- 
dase to remove sialic acid residues restores their ability to 
trigger T cell proliferation. These studies suggest that the 
chemical differences that we have cbserved in the HLA-DR 
molecules on autologous normal and malignant human B cell 
lines might be functionally significant. Preliminary experi- 
ments in our laboratory indicate that these autologous cell 
lines differ in their ability to present cell-associated antigens 
to T lymphocytes. 
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Loss of Interleukin-2 Requirement for the Generation of T Colonies Defines an 
Early Event of Human T-Lymphotropic Virus Type I Infection 


By Madeleine Duc Dodon and Louis Gazzolo 


Accessory cells and/or soluble factors, together with 
interleukin 2 ({L2). are required for the proliferation and 
differentiation of phytohemagglutinin (PHA)-activated T 
lymphocytes. Human T-lymphotropic virus, type | (HTLV-I), 
a human retrovirus isolated from patients with adult T celi 
leukemia, can transform T cells in vitro. We investigated 
the role of HTLV-I-transformed T cell lines as accessory 
cells in promoting the growth of T colony-forming cells. 
We found that T cells isolated by E rosetting and then 
activated with PHA, when seeded with as few as 5 x 10° 
irradiated HTLV-I-—producing cells, could generate colonies 
in the absence of IL2. We analyzed further the effects of 
HTLV-I virions on T colony formation. Infection of T cells 
with semipurified HTLV-I viral particles promoted colony 
formation, in the absence of IL2, of accessory cells or 
soluble factors. The same results were obtained either 


HE IDENTIFICATION, isolation and characteriza- 
tion of growth factors have provided new and challeng- 
ing insights on the mechanisms governing cellular prolifera- 
tion and differentiation. In particular, lymphokines produced 
by antigen- or mitogen-activated T lymphocytes are respon- 
sible for the multiple effects of cellular immune reactions, by 
regulating the differentiation of lymphoid cells. Among these 
lymphokines, IL2 (formerly known as T cell growth factor’) 
is required for the amplification of T cell populations. Upon 
exposure to antigens, lectins and other mitogenic signals, T 
lymphocytes express cell surface IL2 receptors.’ Such acti- 
vated T cells are now able to produce IL2 which, after 
interaction with specific high-affinity IL2 receptors, stimu- 
lates the growth of these cells.™ Furthermore, the prolifera- 
tive response of T cells to activating agents is effective only in 
the presence of accessory cells. 

Studies on the generation of colonies by T cells have 
provided much valuable information on the parameters 
controlling T cell proliferation in vitro.” Thus, IL2 and 
accessory cells are both required for PHA-induced T colony 
formation. Accessory cells, which include monocytes, T cells, 
and B cells of normal and leukemic origin, are implicated 
both in the induction of IL2 synthesis and in the expression of 
functional IL2 receptors allowing IL2 responsiveness by the 
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with monocyte-depleted T lymphocytes, or with T4 or T8 
lymphocytes. Furthermore, T lymphocytes in the presence 
of heat-inactivated HTLV-I (devoid of replicative potential) 
could form colonies independently of IL2. Finally. experi- 
ments with sera positive for HTLV-I antibodies {to abolish 
binding of viral particles to cellular receptors) indicated 
that HTLV-I promoted iL2-independent colony formation, 
only by “touching” T colony-forming cells. These results 
taken together demonstrate that the loss of the exogenous 
IL2 {and other growth-helping factors) requirement defines 
an early event of HTLV-I infection. The results also suggest 
that viral attachment to T cells possibly supplies an acces- 
sory function triggering autocrine secretion of IL2 by these 
cells. 

© 1987 by Grune & Stratton, inc. 


T colony-forming cells.’ The same colony-forming ability 
was also observed when soluble factors released by accessory 
cells were incorporated in the colony medium. 

Because it leads to the amplification of activated T cells, 
IL2 has been decisive in isolating and characterizing human 
T-lymphotropic retroviruses (HTLV), such as HTLV-I 
associated with T cell leukemia (ATL) and LAV (lymph- 
adenopathy-associated virus) / HTLV-II associated with the 
acquired immunodeficiency syndrome.'*" 

HTLV-I is able to transform T cells in vitro. T lympho- 
cytes obtained from peripheral blood, umbilical cord blood or 
bone marrow and infected with HTLV-I are in most cases 
grown in the presence of IL2 until the overgrowth by 
transformed T cells which have become independent on this 
growth factor, several weeks after infection.'*’* T cell lines 
derived from leukemic donors and T cell lines obtained after 
in vitro infection both continue to express IL2 receptors. 
Moreover, the majority of these HTLV-I-transformed cell 
lines do not release 1L2, while they are still able to secrete a 
large variety of other lymphokines.” 

Several studies have shown that infection of T cells by 
HTLV-I causes impaired immune functions of T cells." 
Once infected, these cells might also disturb the growth of 
normal T cells. Preliminary observations on the role of 
HTLV-I transformed T cell lines as accessory cells led us to 
investigate further the involvement of viral particles in T 
colony formation. The results reported in this paper indicate 
that HTLV-I infected cells and HTLV-I virions are both 
able to induce the proliferation of T colony-forming cells in 
the absence of exogenous IL2. 


MATERIALS AND METHODS 


Cell separation. Peripheral blood was collected from normal 
healthy volunteers. Leukocytes (PBL) were obtained after buffy 
coat sedimentation at unit gravity for 45 minutes using a 1% 
methylcellulose solution. Mononuclear cells (MNC) were separated 
by Ficoll-Hypaque density centrifugation (d = 1.077g/mL), washed 
twice with RPMI 1640 and resuspended in RPMI supplemented 
with 10% heat-inactivated fetal calf serum (FCS). T cell separation 
was carried out according to Madsen et alf by rosetting with 
2-aminoethylisothiouronium bromide (AET)-treated sheep red 
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blood cells (SRBC) and a second density centrifugation was per- 
formed through Ficoll-Hypaque. The E rosette-depleted cells (E`) 
were collected from the interface, and the E rosette-enriched cells 
(E*) were recovered from the pellet, after hypotonic lysis of the 
SRBC in 0.15 mol/L ammonium chloride. The E* cell population 
contained a majority of T cells (over 95%), as assessed by immuno- 
fluorescent labeling with OKT3 monoclonal antibody, and about 5% 
of nonspecific esterase—positive monocytes and of surface Ig—positive 
cells. 

In specific experiments, purified T lymphocytes were obtained by 
using a three-step procedure. MNC were depleted of adherent cells 
by one-hour incubation in a plastic culture flask, followed by the 
elimination of phagocytic cells by carbonyl iron ingestion at 37 °C 
for one hour and passage over a magnet. T lymphocytes were then 
isolated by overnight incubation with AET-treated SRBC and 
centrifugation over a Ficoll-Hypaque gradient. Almost pure T cells 
(OKT3-positive) were recovered from the pellet after lysis of the 
SRBC. These T cells were further separated in T4 or T8 lympho- 
cytes by treatment with the OKT8 or OKT4 monoclonal antibodies, 
respectively, and then appropriately diluted newborn rabbit comple- 
ment, with the use of a cytotoxic assay. 

Monocytes were prepared after adherence of MNC to plastic 
culture flasks. After elimination of the nonadherent cells and 
extensive washings, adherent cells were detected after a 20-minute 
incubation in 3 mmol/L EDTA. This cell population was found to 
contain more than 95% nonspecific esterase—positive monocytes and 
less than 3% OKT3 cells. 

T colony—forming assay. The T colony assay was performed 
according to a previously described technique.” Cultures were pre- 
pared in 35-mm plastic Petri dishes, by using two layers of semisolid 
agar medium of I mL each. The underlayer contained 0.45% agar, 
10% of a mixture of human AB serum and FCS, 40 yg of phytohe- 
maggiutinin (PHA)-P (Wellcome) and 10% lectin-free IL2 (Cellu- 
lar Products) in a~minimum essential medium (MEM). This was 
overlayed with 1 mL of 0.30% agar in a-MEM containing 2 x 10° 
E* cells, 1 x 10° X-irradiated accessory cells (PBL or E` cells), or 
conditioned medium from Raji cells, to a final concentration of 40%. 
Plates were then incubated for seven days at 37°C in 5% CO,- 
humidified atmosphere. On days i through 3, colonies were not 
generally found. On days 4 to 5 after seeding, an increase in the 
number of colonies was observed. This number reached a peak on 
day 7 or 8 at which time they were counted using a Nikon inverted 
microscope. Only clusters containing more than 40 cells were scored 
as colonies. Each assay was performed in duplicate. The results of at 
least five separate experiments were expressed as mean + SD. 

Ceil lines. All cell lines (kindly provided by Dr R.C. Gallo, 
Bethesda, MD) used in this study were grown in RPMI 1640 
supplemented with 10% FCS. The HTLV-I-transformed T cell lines 
included HUT102" (derived from a patient with a cutaneous T cell 
lymphoma) MT2,"* C91/PL,'? and C81-66/45,™ all obtained after 
transformation of cord blood cells, cocultivated with HTLV-I- 
producing cells. All these transformed HTLV-I T cell lines express 
the 42-kilodalton HTLV-I x-lor protein product correlated with 
trans-activation of the long termina! repeat.’ However, the C81- 
66/45 cell line is nonproductively infected with HTLV-I, since these 
cells do not express gag antigens, and reverse transcriptase activity 
and viral particles were not detected in culture medium.” Finally, 
the H9 clone of the HT lymphoblastoid cell line was also used in this 
study, together with LAV/HTLV-II-infected H9 cells. Before 
addition to the upper layer with E* cells, these cell lines were 
extensively washed, resuspended in medium and X-irradiated at 
6,000 R. 

The conditioned medium from Raji cells (a B cell line) was 
obtained by cultivating these cells in RPMI 1640 supplemented with 
10% FCS for four days at 37 °C. The supernatant was then collected, 
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pooled after centrifugation at 1,000 g for ten minutes and filtered 
through a 0.45 um membrane filter, It was stored at —20 °C. 

Viral infection of cells. Media containing either HTLV-I or 
LAV/HTLV-IH particles were harvested from the different cells 
listed above. Following removal of the cells by low-speed centrifuga- 
tion, the virus containing supernatant was concentrated 20-fold by 
centrifuging for three hours at 32,000 g in a Beckman type 35 rotor 
and resuspending the viral pellets in an appropriate volume of RPM! 
1640 supplemented with 10% FCS. The virus was frozen at ~ 70 °C, 
until infection of E* cells: 100 uL of viral suspension and 100 uL of 
E* cell suspension (at a concentration of 4 x 10° cells per mL) were 
mixed in a glass tube and incubated at room temperature for 30 
minutes. At the end of the incubation period, cells were added to 
1,800 uL of agar medium and delivered into two 35-mm dishes, on 
the top of the hard agar layer. The virus was heat-inactivated by 
incubation at 56 °C for one hour, just before infection of E* cells. 

Sera to be used in neutralization assays were heat-inactivated at 
56 °C for 30 minutes. For each assay, one volume of viral suspension 
and one volume of serum at the desired dilution were mixed and 
incubated for one hour at room temperature, just before infection of 
E* cells. 


RESULTS 


Effect of HTLV-I-producing lines on T cell colony for- 
mation. As indicated in Materials and Methods, the pres- 
ence of accessory cells or that of soluble factors produced by 
them was found to be mandatory for colony formation by E* 
cells under our experimental conditions. No colony forma- 
tion was observed when E` cells were incubated under the 
same assay conditions. 

Experiments to ascertain the role of HTLV-I-producing T 
cell lines as accessory cells in T colony formation were 
performed in the absence or in the presence of ILZ. lis fact, 
some of the HTLV-I-—transformed cells (MT2, HUT1I02) 
were found to secrete low amounts of IL2” (data not shown). 
As indicated in Table 1, it was surprising to find that IL2 was 
not necessary for colony formation when irradiated HTLV- 
I—producing cells were seeded in the upper layer. In fact, T 
colony-forming cells proliferated when as few as 5 x 10° 


Table 1. Effect of HTLV-!-Transformed T Cell Lines as Accessory 
Celis on the Number of Colonies Formed by E° Cells, in the 


Absence of IL2 
irradiated HTLV-i Number of Nurier of 
Accessory Cells Production Calls Colonies/Piate 
Transformed with HTLV-! 
C91/PL + §x 10° 1312 + 187 
20 x 10° 1474 + 225 
MT2 + 5x 10° 2030 + 155 
20 x 10° TMTC 
HUT102 + §x 10? 1225 + 72 
20x 10° 1737 + 75 
C8 1-66/45 ~~ 5 x 10° Q 
20 x 10° Q 
Not transformed with HTLV- 
H9 = 5 x 107 0 
20 x 10° G 
Peripheral blood leucocytes i 5 x 10° 0 
20 x 10° 0 


Um thread mc 


Accessory celis were X-irradiated at 6,000 R and then seeded in the 
agar upper layer together with 2 x 10° E* cells. Data expressed as 
mean + SD. TMTC, too many to count. 
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irradiated cells were cocultured with then.. With the same 
number of irradiated normal PBL, colony formation was not 
observed. The majority of colonies obtained in the presence 
of irradiated HTLV-I-transformed cells were larger and 
contained more than 100 cells. That explains why in some 
cultures T colonies were too numerous to count when 20 x 
10° irradiated transformed cells were seeded. In addition, 
overgrowth of the cultures in some dishes did not favor the 
development of colonies. The same was true when IL2 was 
added to these cultures (data not shown). 

Only cells transformed by and producing HTLV-I were 
able to cooperate in the colony growth. The lymphoblastoid T 
cells (H9, not infected by HTLV-I) and C81-66/45 cells 
(which are transformed by HTLV-I but defective in the 
replication of the virus) did not promote colony formation 
when seeded at 5 x 10° cells/dish. These results suggest that 
generation of T colonies in the presence of HTLV-I~-produc- 
ing cells, but in the absence of exogenous IL2, may be 
accounted for by viral particles and/or viral antigens 
released by these cells. 

HTLV-I infection induces T colony formation in the 
absence of IL2 and monocytes. To test this hypothesis, 
virus was concentrated from the culture supernatant of one 
HTLV-I—producing cell line (C91/PL). One volume of the 
viral preparation was added to one volume of the E* cell 
suspension. After a 30-minute incubation at room tempera- 
ture, cells were seeded into the agar upper layer at three 
different concentrations. The results of a representative 
experiment are shown in Fig 1. Under standard conditions in 
which HTLV-I-treated E* cells were seeded at 2 x 10° 
cells/dish, T cell colony formation was observed in the 
absence of added IL2. No colony was detected in virus- 
untreated cultures (control) seeded at this concentration. At 
lower concentrations of HTLV-I-infected E* cells (1 x 10° 
cells/dish), there was no promotion of colony growth in the 
absence of IL2. Only in control E* cultures with more than 
3 x 10° cells/dish were few colonies detected when IL2 was 
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Fig 1. T colony formation by uninfected E* cells and E* cells 
infected by HTLV-I (harvested from the medium of C91/PL cells, 
and concentrated 20 times). E* cells were seeded in the agar 
upper layer, at three different cell concentrations, in the presence 
or absence of IL2. PHA (40 ng/mL) and IL2 (I U/mL) were added in 
the agar underlayer. Raji conditioned medium was added in the 
agar upper layer, at a final concentration of 40%. Colony numbers 
are expressed as mean + SD. 
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omitted. This low number of colonies may reflect the endoge- 
nous production of IL2. It should be noted that at this latter 
cei: density (3 x 10°), in the absence of exogenous IL2, 
colonies in HTLV-I-treated cultures were 30 times more 
numerous than those found tn control cultures (6,000 to 200, 
respectively). 

When IL2 was added in the medium, colonies were 
observed with control as well as with virus-treated cells. 
However, the number of colonies in HTLV-I-treated cul- 
tures was about twofold higher than that in control cultures. 
Once again, colonies observed in E* cultures incubated with 
virus in the absence of FL2 were larger than those in control 
cultures, grown in the presence of IL2. In the absence of 
PHA, HTLV-I-treated T lymphocytes as well as control T 
lymphocytes failed to generate colonies. 

Further results shown in Fig 2 indicate that (1) no 
modification in the colony growth was noted when the 
virus-treated cells were seeded in the presence or absence of 
conditioned medium (Fig 2A); (2) the number of colonies 
obtained was proportional to the amount of virus added (Fig 
2B); no colony formation could be demonstrated in the 
virus-free supernatant (obtained after high-speed centrifu- 
gation of the C91/PL growth medium (Fig 2C); (3) HTLV-I 
viral particles concentrated from the culture fluid of other 
HTLV-I~producing cell lines induced colony formation; 
conversely, LAV/HTLV-III was unable to promote colony 
formation without IL2 (Fig 2D); after addition of IL2, the 
same number of colonies as in the control cultures was 
observed with LAV/HTLV-III infected T cells (data not 
shown). 

Phenotypic characterization of the colony cells was per- 
formed after mass harvesting the colonies of the agar culture. 
The membrane phenotype studies indicated that colony cells 
consisted of a mixture of cells bearing either the epitope T4 
or T8. 

Experiments described above were performed using E* 
cells incubated with HTLV-I. This cell population was found 
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Fig 2. T colony formation, in the absence of IL2: (A) by E* 
celis infected with HTLV-I (from C91/PL cells), with and without 
Raji conditioned medium: {B} by E~ cells infected with HTLV-I 
from C91/PL cells, as a dose respense relationship with the 
amount of added virus; (C} by E* cells infected with HTLV-I 
obtained after low-speed (1x) or high-speed centrifugation (SPN) 
of C91/PL medium: and {D} by E° cell infected by HTLV- 
harvested from two other HTLV-I-transformed cell lines (HUT102 
and MT2) or with LAV/ HTLV-II, harvested from the medium of 
HS/HTLV-IH cells. 
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to contain a low percentage of monocytes. To determine 
whether monocytes were essential to the IL2-independent 
colony formation, experiments were performed on monocyte- 
depleted T lymphocytes. It was found that purified T lym- 
phocytes incubated with HTLV-I were still able to generate 
colonies in the absence of exogenous I[L2. However, the 
addition of 50,000 uninfected monocytes in the agar upper 
layer was followed by an increase in the number of colonies. 
The same increase in percentage (around 64%) was observed 
when uninfected purified T cells were seeded in presence of 
monocytes (Fig 3). 

Finally, it was observed that T colony-forming cells, 
recruited among monocyte-depleted T4 or T8 lymphocytes, 
are able to proliferate in the absence of IL2, after incubation 
with HTLV-I (Fig 3). However, there were twice as many 
colonies generated with T4 lymphocytes as with those bear- 
ing the T8 epitope. Once again, a significant increase in the 
number of colonies followed the addition of monocytes. 

In conclusion, incubation of T colony—forming cells with 
HTLV-I viral particles promotes a colony-forming ability 
independent of exogenous IL2, within seven days after 
plating. Moreover, monocytes, although favoring T colony 
formation, are not required for the [L2-independent colony 
generation promoted by HTLV-I 

Binding of HTLV-I particles to T cells is sufficient for 
colony formation independent of IL2. HTLV-I antigen 
p19 could not be detected in colony cells, indicating that viral 
replication was not taking place in these cells during the 
short time of colony formation. These results lead us to 
anticipate that T colony ability promoted by HTLV-I infec- 
tion may not be linked to viral integration and replication, 
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Fig 3. Effect of monocytes on T colony formation by purified 
{monocyte-depleted) T lymphocytes either uninfected or infected 
with HTLV-I from C91/PL cells, or by T4 or T8 lymphocytes 
infected with this virus. Monocytes freshly prepared from the 
same peripheral blood were added at a density of 50,000 per plate, 
in the agar upper iayer containing 40% of Raji conditioned medium. 
Colony numbers are expressed as mean + SD. 
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but would follow an early event, such as the binding of 
HTLV-I virions to the surface of T colony-forming cells. 

It is well established that early events in the infection of 
cells by virus, such as binding and penetration, are mediated 
by specific viral receptors on the surface of target cells. As 
assayed by flow cytometry, viral receptors of HTLV-I are 
more numerous on human T lymphocytes than on B lympho- 
cytes.” To verify that the induction of T colony formation by 
HTLV-I particles could be mediated by binding of the virus 
to receptors on T colony-forming cells, viral particles were 
heat-inactivated by incubating them at 56 °C for one hour. 
After this treatment, which inhibits their replicative ability, 
viral particles were mixed with T cells. Under these condi- 
tions, the number and the size of colonies obtained after 
incubation with heat-treated virus were found to be the same 
as that observed with heat-untreated virus (Table 2). So, 
abolishing the replicative potential of the virus did not impair 
IL2-independent T colony proliferation. 

Experiments were then performed to prevent the binding 
of viral particles to T cells. HTLV-I virions were incubated 
with sera from two ATL patients. The sera contained specific 
antibodies against HTLV-I {as determined by enzyme- 
linked immunosorbent assay [ELISA] and competition ass- 
says), and probably reacted with envelope and core polypep- 
tides of the virus, as demonstrated by previous studies. ™™ As 
shown in Table 2, colony formation in the absence of TL2 was 
inhibited in a dilution-dependent manner by serum A. A 
significant inhibition was observed in serum B only when it 
was used undiluted. No such inhibition was observed with an 
HTLV-I seronegative serum from one individual living in the 
same endemic area. These results suggest that antibodies 
present in the sera from ATL patients mask viral antigenic 
determinants on the envelope of the particles and prevent 
their binding to T colony-forming cells. The results of these 
experiments indicate that events leading to [L.2-independent 
T colony formation appear to follow the attachment of 
HTLV-I to T cells. 


Table 2. Effect of Heat-Inactivated HTLV-I and Neutratized 
HTLV-I on the Number of Colonies Formed by E* Calls. in the 








Absence of IL2 
Treatment Number of Percantage 
Prior Colonies of inhibition 
infection {Plate % 
None 2272 + 138 = 
Heat-inactivated 2074 + 513 mae 
incubated with 
HTLV-i-negative serum, undiluted 2081+ 181 ~~ 
HTLV-|-positive serum A 
undiluted 31+ 19 98.5 
diluted 1:2 381+ 6 81.7 
diluted 1:10 1756 + 69 15.7 
HTLV-I positive serum B 
undiluted 1356 + 169 34.9 
diluted 1:2 2143 + 56 m 
diluted 1:10 2525 + 50 ~ 





HTLV-i was heat-inactivated at 56°C for one hour just before infection 
of E* cells. incubation of HTLV-{ with serum was carried Gut at room 
temperature for one hour just before infection of E* celis. 2 x 10° 
HTL V-i—infected cells were seeded per plate. Data expressed as mean + 
SD. 
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DISCUSSION 


Identification and characterization of IL2 has allowed the 
development of specific and well-controlled assays to study 
the in vitro proliferation and differentiation of T lympho- 
cytes.'* Among these assays, the T colony assay consisting of 
culturing either PBL or purified T cells in agar or methylcel- 
lulose has permitted the identification of a T cell population 
endowed with the capacity te form colonies.**”’ Two prereq- 
uisites for a high efficiency of colony formation by T cells are 
the addition of exogenous IL2 and the presence of accessory 
cells. 

Results reported in this paper indicate that a subset of T 
colony-forming cells, present in either E* or monocyte- 
depleted T cells, T4 lymphocytes, or T8 lymphocytes, is able 
to proliferate in semisolid agar independently of IL2 and 
accessory cells after contact with HTLV-I. Heat-inactivated 
virus is also able to induce colony growth independently of 
IL2. Furthermore, the inhibition of colony formation by T 
cells with HTLV-I and pretreated with ATL patients’ sera 
containing antibodies to HTLV-I underlines the direct 
involvement of viral particles in promoting colony formation. 
As expected, colony formation was not observed with virus- 
untreated T cells, unless IL2 and accessory cells (or soluble 
factors produced by these cells) were added to the culture 
colony medium. These results therefore indicate that inacti- 
vated HTLV-I particles or viral glycoproteins are sufficient 
to promote T colony growth in the absence of any added 
growth factor. Previous studies'®’? on the transforming 
effects of HTLV-I have shown that T lymphocytes from cord 
blood or peripheral blood infected with HTLV-I, after 
cocultivation with irradiated HTLV-I—producing cells, were 
also able to grow in vitro in the absence of IL2. However, this 
autonomous growth (transforming effect) takes place only 
several weeks after initiation of the coculture. These observa- 
tions are different from those reported in this paper, which 
demonstrate the ability of T colony-forming cells to prolifer- 
ate independently of extrinsic IL2 within one week after 
virus addition. 

Further experiments with monoclonal antibodies directed 
against the viral envelope glycoprotein (gp46) are needed to 
determine whether the viral neutralizing epitope is involved 
in the IL2-independent proliferation. Moreover, it will be of 
interest to define at what level on the T cell membrane 
HTLV-I is acting to trigger cell proliferation. As already 
mentioned by McGrath and Weissman” in a study on the 
relationship of normal immune receptors to retrovirus lym- 
phomagenesis, it is reasonable to consider that HTLV-I is 
acting at the level of cell surface receptor complexes leading 
to the activation of the gene program required for T cell 
proliferation. Several receptors on the surface of T lympho- 
cytes have been implicated in the activation and proliferation 
of these cells in vitro. Among these signals transducing 
receptors, the CD3~-T cell receptor complex and the CD2 
E-rosette receptor are mitogenic for T cells upon reaction 
with specific antibodies recognizing these structures. t?! 
Whether HTLV-I receptors are identical to those surface 
receptors or are located close to them remains to be investi- 
gated. 

The finding that T colony formation is independent of 
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exogenous IL2 suggests that T cell proliferation is induced 
through one of two mechanisms. The first is related to the 
direct activation of protein kinase C in the cell membrane, as 
already described, with PBL treated with the tumor pro- 
moter teleocidin.” The second mechanism is linked to the 
autocrine secretion of IL2 by T cells in response to HTLV-I. 
In fact, the lack of T lymphocyte proliferation observed when 
HTLV-I-—treated T cells were seeded at low concentrations 
might be secondary to their inability to produce sufficient 
endogenous IL2 (Fig 1). 

Spontaneous T cell colony-forming ability has already 
been described in immature T cells derived from the periph- 
eral blood of patients with T acute lymphoblastic leukemia.” 
Such cells were able to proliferate in methylcellulose in the 
absence of added growth factors or of mitogenic stimulation, 
but were partially dependent on factors released by mature T 
cells. However, it cannot be ruled out that the ability to form 
T colonies displayed by the leukemic cells may be the 
consequence of the leukemic process, which interferes with 
the mechanisms regulating normal proliferation and differ- 
entiation. 

As underlined above, HTLV-I isolated from the periph- 
eral blood of ATL patients is able to transform T cells in 
vitro. The other known human retrovirus, LAV/HTLV-III, 
was isolated from the peripheral blood of patients with the 
acquired immunodeficiency syndrome. This virus replicates 
exclusively in a subset of T cells, ie, helper /inducer cells with 
the CD4 phenotype.**”* In contrast to HTLV-I, LAV/ 
HTLV-II is unable to induce F colony formation in the 
absence of IL2. It is noteworthy that the CD4 epitope, which 
may be the receptor for this virus, is not involved in T cell 
activation, since perturbation of the CD4 molecules delivers 
a negative signal to T lymphocytes.’ 

The growth of T cells in the absence of exogenous I[L2 as 
reported here underlines an early effect of HTLV-I viral 
particles on target cells. The fact that such an effect occurs 
within seven days after the addition of HTLV-I is of para- 
mount importance for the understanding of the mechanisms 
involved in viral-induced proliferation. Thus, the colony 
formation induced by HTLV-I in the absence of added IL2 
may be considered as a preleukemic event favoring viral 
integration and viral replication in actively dividing T cells. 
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Human GM-CSF Primes Neutrophils for Enhanced Oxidative Metabolism in 
Response to the Major Physiological Chemoattractants 


By Richard H. Weisbart, Luz Kwan, David W. Golde, and Judith C. Gassor 


Granulocyte-macrophage colony-stimulating factor (GM- 
CSF) is a T cell-derived lymphokine which induces hemato- 
poietic precursor cells to proliferate in vitro and differen- 
tiate to neutrophils and macrophages. GM-CSF also 
inhibits the motility of mature neutrophils (NIF-T activity), 
and primes neutrophils to enhance oxidative metabolism in 
response to the bacterial chemoattractant, N-formyl- 
methionyl-leucyl-phenylalanine (f-MLP). The present study 
was designed to determine whether this lymphokine also 
enhances neutrophil oxidative metabolism in response to 
the other major physiological chemoattractants which 
include complement-derived C5a, and the 5-lipoxygenation 
product of arachidonic acid, leukotriene B, (LTB,). Su- 


RODUCTS OF OXIDATIVE metabolism mediate 
neutrophil (PMN) inflammatory responses and play an 
important role in host defense.’ Bacterial-derived N-formyl- 
methionyl-leucyl-phenylalanine (f-MLP), complement-de- 
rived C5a, and the 5-lipoxygenation product of arachidonic 
acid metabolism, leukotriene B, (LTB,) are chemotactic 
factors for PMN that initiate PMN inflammatory responses 
by activating oxidative metabolism.’” Recent studies identi- 
fied a T lymphocyte—derived granulocyte-macrophage colo- 
ny-stimulating factor (GM-CSF) that primes PMN for 
enhanced oxidative metabolism in response to f-MLP.°* 
Superoxide anion production was increased three- to fourfold 
in response to f-MLP by PMN preincubated with purified 
biosynthetic GM-CSF. Purified GM-CSF alone did not 
stimulate superoxide anion production. Since C5a and LTB, 
are also chemotactic, it is of considerable interest to deter- 
mine whether GM-CSF also primes PMN to enhance oxida- 
tive metabolism in response to the other major physiological 
PMN chemoattractants. In addition to GM-CSF, other 
substances prime PMN, including endotoxin, f-MLP, and a 
product of B lymphocytes.”'' It was also of interest to 
determine whether the mechanism for priming by GM-CSF 
was the same as for these other substances. 
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peroxide anion production was measured as superoxide 
dismutase~—inhibitable cytochrome C reduction. Purified 
biosynthetic GM-CSF enhanced superoxide anion produc- 
tion by neutrophils in response to *-MLP, C5a desArg, and 
LTB,. In contrast to several other factors which prime 
neutrophils, GM-CSF did not prime for an enhanced oxida- 
tive response to phorbol myristate acetate (PMA). These 
results suggest that GM-CSF may be an endogenous regu- 
lator of neutrophil inflammatory responses induced by the 
major physiological chemoattractants. 

This is a US Government work. There are no restrictions 
on its use. 


MATERIALS AND METHODS 


Materials. Phorbol myristate acetate (PMA) (Consolidated 
Midland Corp, Brewster, NY) was dissolved in absolute ethanol, 
0.05 mg/mL, aliquoted and stored at —70 °C until used at a final 
concentration of 0.05 ug/mL. Purified CSa desArg (Upjohn Diag- 
nostics, Kalamazoo, MI) was used at a final concentration of 8 
ng/mL. The purity of C5a desArg was confirmed by sodium dodecyl 
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of radioio- 
dinated C5a desArg which was visualized by radioautography. LTB, 
(Calbiochem, La Jolla, CA) was used at a final concentration of 
10°* mol/L. f-MLP (Sigma Chemical Co, St. Louis) was dissolved 
in dimethyl sulfoxide and used at a final concentration of 107° 
mol/L. 

Isolation of human PMN. PMN were isolated from heparinized 
peripheral blood of healthy subjects by Ficoll-Hypaque gradient 
centrifugation as previously described.” '* Red blood cells (RBC) 
were removed by sedimentation in 6% dextran (High Fraction, J.T. 
Baker Chemical Co, Phillipsburg, NJ). Residual RBC were sub- 
jected to hypotonic lysis for 30 seconds. The resulting cell prepara- 
tions containing 97% PMN were washed and resuspended in Hanks’ 
balanced salt solution (HBSS) (without phenol red) containing 10% 
fetal calf serum (FCS). 

GM-CSF. GM-CSF was purified from serum-free medium con- 
ditioned by COS monkey kidney cells transfected with the GM-CSF 
cDNA clone in the p91023(B) vector as described previously, using 
gel filtration and reverse phase high performance liquid chromatog- 
raphy (HPLC).** Purification of GM-CSF to apparent homogeneity 
was confirmed by the presence of a single iodinated 22,000-dalton 
protein band by SDS-PAGE. The protein concentration was deter- 
mined by amino acid analysis; the specific activity of the purified 
protein assayed on human bone marrow is approximately 2 x 10° 
units per mg.'* Purified GM-CSF was shown to be free of measur- 
able endotoxin by the Limulus amebocyte lysate assay (Sigma 
Chemical Co, St. Louis). Purified biosynthetic GM-CSF was used at 
a concentration of 100 pmol/L to study its effect on PMN oxidative 
metabolism. Maximal! stimulation of colony formation by bone 
marrow cells and KG-1 cells as well as enhancement of neutrophil 
oxidative metabolism in response to f-MLP is seen at approximately 
100 pmol/L.” 

Assay for superoxide anion. PMN (5 x 10°/mL) were sus- 
pended in HBSS (without phenol red) containing 10% FCS, and 0.4 
mL aliquots containing 2 x 10° cells were incubated for two hours at 
37 °C with 0.04 mL of protein diluent (negative control) or GM- 
CSF. After incubation, PMN were equally divided (1 x 10° 
PMN /tube) and 0.010 mL of superoxide dismutase was added to 
one tube at a final concentration of 0.02 mg/mL. C5a or LTB, were 
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HUMAN GM-CSF PRIMES NEUTROPHILS 


Table 1. Effect of Purified Recombinant GM-CSF on 
PMN Oxidative Metabolism 


Duration of 


Total Superoxide 
Oxidative incubation No. of Experiment Anion Produced 
Stirnulus Mixture Exps imin} inmol}* 

f-MLP diluent 4 4 6.0 + 0.4 
GM-CSF 4 4 16.0+0.4 
CSa desArg diluent 4 1 1.7 + 0.1 
GM-CSF 4 1 3.2 + 0.4 
LTB, diluent 4 1 2.4 +04 
GM-CSF 4 1 44+0.4 
PMA diluent 4 25 74.4 + 3.0 
GM-CSF 4 25 76.8 + 1.0 


*Mean response + SEM of 10° PMN. 


added to each tube, thoroughly mixed, followed by the addition of 
1 mL of cytochrome C (1.2 mg/mL in HBSS with 10% FCS). The 
cell suspensions were transferred to disposable 1-mL cuvettes, and 
superoxide dismutase—inhibitable cytochrome C reduction was mea- 
sured spectrophotometrically at 550 nm for one minute at 37 °C with 
a Varian DMS 90 dual-beam spectrophotometer. Absorbance was 
recorded continuously with a strip-chart recorder and also at five- 
second intervals with a computer-assisted program. Superoxide 
anion production (nmoles) was calculated from reduced cytochrome 
C using an extinction coefficient of 21,100 mol/L~’ cm”! and 
expressed as the mean determination of multiple experi- 
ments +SEM.'* The effect of GM-CSF on oxidative metabolism of 
PMN in response to PMA and f-MLP was determined by incubating 
2 x 10° PMN with control and test preparations as above, adding 2 
mL of cytochrome C, and then equally dividing the cell suspension 
into separate tubes. Superoxide dismutase was added to one tube, 
and PMA or f-MLP was added to both tubes. The cells were mixed 
and immediately transferred to cuvettes where the formation of 
reduced cytochrome C was monitored for four minutes (f-MLP) or 
25 minutes (PMA). The data were recorded and the results calcu- 
lated as described above. 


RESULTS 


Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to f-MLP. 1n pre- 
liminary experiments, a dose-response curve was established 
for f-MLP, and maximum production of superoxide anion 
occurred at a concentration of 10°" mol/L f-MLP. Total 
superoxide anion produced over four minutes by 10° PMN 
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Fig 1. Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to f-MLP. 
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Fig 2. Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to C5a desArg. 


incubated with the protein diluent (negative control) was 
6.0 + 0.4 nmoles in response to 10°" mol/L f-MLP (mean 
response of four experiments). Maximum priming by GM- 
CSF for oxidative metabolism was shown to occur at twe 
hours.’ PMN preincubated for two hours with purified 
recombinant GM-CSF and then stimulated with -MLF 
produced an average of 16.0 + 0.4 nmoles superoxide anion 
(mean response of four experiments) (Table 1). A represen- 
tative example of one experiment is shown in Fig 1. Enhance- 
ment of a maximal f-MLP response indicates a total increase 
in PMN oxidative metabolism and excludes measuring a 
shift in the f-MLP dose-response curve. The purified prepa- 
ration of GM-CSF was free of measurable endotoxin (<0. | 
ng/mL). 

Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to CSa desArg. C5a 
desArg stimulated the production of 1.7 + 0.1 nmoles 
superoxide anion over one minute (mean response of four 
experiments). PMN preincubated with GM-CSF, however, 
produced 3.2 + 0.4 nmoles superoxide anion over the same 
period of time (mean response of four experiments) (Table 
1). A representative experiment is shown in Fig 2. 

Effect of purified biosynthetic GM-CSF on superoxide 
anion production in response to LTB, Maximum stimula- 
tion of oxidative metabolism of PMN in response to LTB, 
occurred at a concentration of 10°° mol/L. At this concen- 
tration, LTB, stimulated the production of 2.4 + 0.4 nmoles 
of superoxide anion by 10° PMN over one minute (mean 
response of four experiments). Preincubation of PMN with 
GM-CSF for two hours followed by LTB, increased superox- 
ide anion production to 4.4 + 0.4 nmoles (mean response of 
four experiments) (Table 1). A representative experiment is 
shown in Fig 3. 

Effect of purified biosynthetic GM-CSF on superoxide 
anion production in response to PMA. The specificity of 
PMN priming by GM-CSF was examined by measuring the 
effect of GM-CSF on PMN oxidative metabolism in 
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Fig 3. Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to LTB, 
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response to PMA. In the absence of GM-CSF, 10° PMN 
produced 74.4 + 3.0 nmoles superoxide anion over 25 
minutes which represents the entire course of PMA-induced 
activation (mean response of four experiments). After prein- 
cubating PMN with GM-CSF, the total response was 
unchanged with 76.8 + 1.0 nmoles superoxide anion pro- 
duced (mean response of four experiments) (Table 1). There 
was also no change in the rate of superoxide anion produc- 
tion. A representative example is shown in Fig 4. 


DISCUSSION 


PMN are chemoattracted to sites of inflammation where 
they serve as cytotoxic effector cells. Oxidative metabolism 
in PMNs is activated by physiological chemoattractants such 
as bacterial-related f-MLP, serum complement—derived 
C5a, and the $-lipoxygenation product of arachidonic acid 
metabolism, LTB,, with the production of toxic free radicals 
of oxygen.” Products of oxidative metabolism provide one 
mechanism whereby PMN are cytotoxic. 

Lymphokines have been described as endogenous regula- 
tors of oxidative metabolism in human monocytes,” and 
colony-stimulating factors have been shown to potentiate 
granulocyte-mediated cellular cytotoxicity in the murine 
system.” A potential physiological regulator of PMN 
oxidative metabolism was recently identified as the T cell- 
derived lymphokine, GM-CSF. GM-CSF, a 22,000-dalton 
glycoprotein, was shown to enhance the production of super- 
oxide anion by PMN in response to f-MLP.’ The present 
studies were designed to determine whether GM-CSF also 
regulated PMN oxidative metabolism in response to other 
physiological chemoattractants. 

Our results showed that PMN preincubated with biosyn- 
thetic purified GM-CSF enhanced superoxide anion produc- 
tion in response to purified C5a desArg and LTB, as well as 
f-MLP. Each chemoattractant was used at an optimum dose 
for stimulating superoxide anion production, so enhancement 
represented an increase in total response and not a shift in the 
dose-response curve. In contrast to GM-CSF priming for 
chemoattractants, GM-CSF did not enhance oxidative 
metabolism in response to PMA. There was no effect on the 
rate of superoxide anion production or the total amount of 
superoxide anion produced by PMN during the entire course 
of PMA activation. 

Recently, endotoxin was shown to prime PMN for 
enhanced oxidative responses to f-MLP.'° Moreover, the 
time course for priming was similar to that obtained with 
GM-CSF. Several observations, however, exclude the possi- 
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Fig 4. Effect of purified biosynthetic GM-CSF on superoxide 
anion production by PMN in response to PMA. 
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bility that our results were due to the presence of endotoxin. 
First, HPLC-purified biosynthetic GM-CSF was compared 
to the HPLC diluent and to the other HPLC fractions that 
would contain the same contaminants. In addition, endotoxin 
was not detected by the Limulus amebocyte assay in HPLC 
fractions containing neutrophil-activating activity, although 
the Limulus assay is sensitive enough to detect quantities of 
endotoxin considerably smaller than those required to prime 
PMN for enhanced oxidative metabolism.’® Finally, endo- 
toxin and GM-CSF are different with respect to priming 
PMN in response to PMA. Endotoxin primes PMN for 
enhanced oxidative metabolism in response to PMA, whereas 
GM-CSF does not. 

Lipoxygenase products also enhance neutrophil oxidative 
metabolism in response to f-MLP, but their effect of PMA 
responses has not been examined.” It will be of interest to 
compare the mechanism of action of these products with 
GM-CSF since these products could be responsible for the 
GM-CSF effect. 

Other substances have also been shown to prime PMN for 
enhanced oxidative metabolism. In addition to endotoxin, 
priming has been shown to occur in response to subthreshold 
concentrations of f-MLP.??' Moreover, priming occurs in 
response to a factor present in the supernatant of a B 
lymphoblast cell line." In contrast to GM-CSF, however, 
f-MLP, the B cell-derived factor, and endotoxin all prime 
PMN for enhanced oxidative metabolism in response to 
PMA.*"''223 This finding suggests multiple mechanisms for 
priming with some specificity in the mechanism for PMN 
priming by GM-CSF. Although the mechanism for PMN 
priming by GM-CSF is unknown, a variety of secretory 
stimuli have been shown to increase f-MLP receptor avail- 
ability by mobilizing an intracellular pool of f-MLP recep- 
tors.'° Moreover, recent studies show that short (15-minute) 
incubations of GM-CSF with neutrophils resulted in 
increased expression of high-affinity f-MLP receptors corre- 
sponding with enhanced chemotaxis in response to f-MLP, 
whereas more prolonged incubation of neutrophils with 
GM-CSF (two hours) resulted in the development of low- 
affinity receptors corresponding with enhanced oxidative 
metabolism in response to f-MLP.”* 

PMN oxidative metabolism provides a mechanism for host 
defense through the production cf potent derivatives of 
oxygen with microbicidal and tumorcidal activity. PMN 
oxidative metabolism requires precise regulation and control, 
as products of oxidative metabolism may induce tissue injury 
as well. GM-CSF may be an endogenous regulator of PMN 
oxidative metabolism and contribute to host defense-related 
reactions. In addition, GM-CSF could play a role in the 
pathophysiology of tissue injury associated with excessive 
inflammation as occurs in autoimmune diseases. GM-CSF 
regulation of PMN oxidative metabolism in response to 
different physiological chemoattractants may provide a com- 
mon basis for understanding diverse biological functions of 
GM-CSF. 
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Activation of Plasminogen by Single-Chain Urokinase or by 
Two-Chain Urokinase—A Demonstration That Single-Chain Urokinase 
Has a Low Catalytic Activity (Pro-Urokinase) 


By Ralph Pannell and Victor Gurewich 


Single-chain urokinase (SC-UK) has an intrinsic amidolytic 
activity. as measured with synthetic substrate (Kabi S- 
2444; pyro-Glu-Gly-Arg-pNitroanalide), which was found 
to be 0.1% to 0.2% that of its plasmin-activated derivative, 
two-chain UK (TC-UK). A study of the reaction of SC-UK 
with plasminogen is complicated by the effect of the 
reaction product, plasmin, on both reactants. The resultant 
generation of TC-UK and Lys-plasminogen produces 
secondary reactions which greatly augment plasminogen 
activation. To confine enzymatic activity to the primary 
reaction, after pretreatment to eliminate trace TC-UK 
contaminants, SC-UK was incubated with Glu- or Lys- 
plasminogen in the presence of aprotinin (500 KIU/mL) to 
inhibit generated plasmin and dansyl-glutamyl-glycyl-argi- 


INGLE-CHAIN, high-mol-wt urokinase (SC-UK) was 

originally discovered in urine’* and has been subse- 
quently purified from the secretions of certain cells in 
culture% and from blood plasma. This protein has been 
shown to be a natural precursor of two-chain, high-mol-wt 
urokinase (TC-UK) and to possess properties characteristic 
of a proenzyme or zymogen and has thus been referred to as 
pro-UK.*”? 

The relationship of SC-UK to TC-UK has obvious analo- 
gies within the single-chain:two-chain/zymogen:enzyme 
paradigm, which is well demonstrated within the serine 
protease class. Yet in the reaction of SC-UK with its 
physiological substrate, ie, Glu-plasminogen, its reactivity 
has been reported to be comparable to that of TC-UK," 
whereby it was concluded that the name pro-UK is inappro- 
priate and a change in nomenclature to “single chain UK 
type plasminogen activator (scu-PA)” was recommended. '' 
The analysis of the activity of SC-UK with plasminogen is 
complicated by the susceptibility of both reactants to enzy- 
matic alteration by the primary reaction product (ie, Glu- 
plasmin). These side reactions, resulting in formation of 
TC-UK and Lys-plasminogen, greatly potentiate plasmin 
generation and interfere with the analysis of the primary 
reaction. 
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nyl-chloromethylketone (20 yumol/L)}, which irreversibly 
inhibited TC-UK but not SC-UK. Analysis by reducing 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) showed a plasminogen-activating activity for 
SC-UK that was ~0.4% that of TC-UK. Both SC-UK and 
TC-UK preferentially activated Lys-plasminogen over Glu- 
plasminogen. Similarly, Glu-plasminogen activation was 
augmented by lysine or soluble fibrin. The ratio of the 
reaction rates of SC-UK and TC-UK were comparable for 
Glu- and Lys-plasminogen. It is concluded that there is a 
major difference in the catalytic activities of SC-UK and 
TC-UK against plasminogen that is comparable to that 
against synthetic substrate. 

® 1987 by Grune & Stratton, Inc. 


To dissect these reactions and to identify the component 
that is uniquely relevant to SC-UK, we exploited the 
wide differential between SC-UK and TC-UK in their 
susceptibilities to UK-reactive active site inhibitors such as 
diisopropylflourophosphate (DFP)’ and dansyl-Glu-Gly- 
Arg-chloromethylketone (dns-GGA-ck) (vide infra). The 
plasmin-mediated side reactions were quenched by a compet- 
itive inhibitor, aprotinin, precluding the use of an enzymatic 
assay. We therefore used electrophoretic analysis of the 
reaction products. Although this method is not amenable to 
quantitation sufficient to allow derivation of kinetic parame- 
ters, it offers evidence that there is a major differential of net 
catalysis between SC-UK and TC-UK, which is of a similar 
quantitative order as has been observed with the synthetic 
substrate. 


MATERIALS AND METHODS 


Materials. Single-chain UK (>99% single chain; mol wt 
§5,000), purified from the culture medium of a human kidney tumor 
cell line, was provided by Collaborative Research (Lexington, MA). 
Two-chain UK (mol wt 55,000) was a product of Green Cross 
(Osaka, Japan). The WHO International Reference Preparation of 
UK, 66/46 (IRP-UK) was used as the activity standard (obtained 
from the National Institute for Biological Standards and Control, 
London). Amidolytic substrate (S-2444) was obtained from Kabi 
Vitrum (Stockholm, Sweden), aprotinin from FBA Pharmaceuticals 
(New York), dns-GGA-ck from Calbiochem (San Diego), DFP 
from Sigma Chemicals (St Louis), and “soluble” fibrin (Desafib) 
from American Diagnostica (Greenwich, CT). 

Glu-plasminogen was purified from DFP-treated fresh plasma 
essentially by the method of Castellino and Powell.'* Lys-plasmin- 
ogen was prepared from purified Glu-plasminogen by the method of 
Lucas and co-workers.'* Plasmin was prepared by activation of 
plasminogen (2.5 pmol/L) at pH 8.8 with either an equal volume of 
a 10% suspension of immobilized UK {(Affi-Gel 15; Bio Rad, 
Richmond, CA) or an equal volume of Streptokinase (10,000 
IU/mL) for 30 minutes at 37 °C. 

Amidolytic activity of SC-UK or TC-UK. Amidolytic activity 
was measured with Kabi substrate S-2444 (pyro-Glu-Gly-Arg- 
pNitroanalide) (0.75 mmol/L) at 37 °C. The reaction buffer was 0.1 
mol/L of Tris-HCI (pH 8.8), 0.1 mol/L of NaCl, and 0.1 mg/mL of 
bovine serum albumin (BSA). One enzyme unit (EU) was defined as 
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the amount of enzyme producing a change in absorbance (405 nmol) 
of | absorbance unit each minute. When assayed in this system, the 
IRP-UK had an activity of 275 EU/100,000 IU. 

The activity of SC-UK was expressed in latent international units 
per milliliter representing the activity after plasmin activation. 
Activation of SC-UK to TC-UK was accomplished by incubation 
with an equal volume of plasmin (0.25 nmol/L) for 30 to 45 minutes 
(37°C). The amidolytic assay of the resultant TC-UK was per- 
formed in the presence of aprotinin (25 to 50 KIU/mL) to eliminate 
further plasmin action. The activated form of SC-UK was found to 
be comparable to TC-UK (~275 EU /mg). 

SDS-PAGE. SDS-PAGE was performed by the method of 
Laemmli" using a 10% polyacrylamide gel. Samples were prepared 
with 10 mmol/L of dithiothreitol and stained with Coomassie- 
Brilliant Blue G. 

DFP treatment. Single-chain UK and plasminogen were treated 
with 1 mmol/L of DFP in 0.1 mol/L of sodium phosphate (pH 7.2), 
and 0.1 mol/L of NaCl Incubation was carried out on ice for 18 
hours. Under these conditions, TC-UK was totally inactivated, but 
full recovery of the latent activity of SC-UK was obtained when 
assayed after decay of the DFP.’ For preparative use, the treated 
product was dialyzed against 10 mmol/L of sodium acetate (pH 4.8) 
and 0.15 mol/L of NaCl and stored frozen. 

Stability of SC-UK to dns-GGA-ck. At a concentration of 20 
umol/L of dns~GGA-ck, complete and irreversible inhibition of 
TC-UK was obtained within 30 minutes at 37°C or at room 
temperature. To test the stability of SC-UK to this inhibitor, SC-UK 
(0.1 mg/mL) was incubated with 20 wmol/L of dns-GGA-ck for 2 
hours at 37°C in 0.2 mol/L of HEPES (pH 7.4), 0.3 mol/L of 
NaCl, 0.1% Triton X-100 (Sigma, St Louis). The solution was then 
diluted to .025 mg/mL of SC-UK with a buffer of 0.2 mol/L of Tris 
(pH 8.8), 0.3 mol/L NaCl and 0.2 mg/mL of BSA, and was allowed 
to incubate further at room temperature for 16 hours. Under the 
latter condition, dns-GGA-ck has been found to decay completely. 
The treated SC-UK and a control sample treated without 
dns-GGA-ck were then activated with plasmin and assayed with 
S-2444. 

Evaluation of the influence of hydrolyzed dns-GGA-ck on the 
intrinsic activity of SC-UK. To test the effect of the tripeptide of 
dns-GGA-ck as a potential competitive inhibitor independent of 
noncompetitive inhibition by the reactive species, a hydrolysis- 
inactivated sample of the inhibitor was prepared and assayed. 
Dns-GGA-ck was inactivated by hydrolysis by dilution in 0.1 mol/L 
of Tris (pH 8.8), 0.3 mol/L of NaCl, and 0.2 mg/mL of BSA, and 
storage at room temperature for 3 days. The resulting product was 
assayed as a potential competitive inhibitor against both TC-UK and 
the inherent activity of SC-UK, using the amidolytic assay. The 
substrate tripeptide is identical with the tripeptide of dns~-GGA-ck. 
The substrate was at an assay concentration of 0.75 mmol/L; the 
hydrolyzed inhibitor was tested up to $0 umol/L. No significant 
inhibition was observed with either SC-UK or TC-UK. 

Plasminogen degradation by SC-UK or TC-UK. Glu-plasmin- 
ogen or Lys-plasminogen (0.23 mg/mL) and either SC-UK (5,000, 
10,000, or 20,000 IU/mL) or TC-UK (5, 10, or 20 IU/mL) were 
incubated (37 °C) in a reaction medium comprising 0.2 mol/L of 
HEPES-HCI (pH 7.4), 0.3 mol/L of NaCl, 0.01% Triton X-100, 
and aprotinin (500 KIU/mL). SC-UK was pretreated with the 
dns-GGA-ck (80 pmol/L at room temperature for 30 minutes in the 
reaction buffer) prior to dilution into the assay to eliminate residual 
TC-UK activity, and dns-GGA-ck (20 umol/L) was present in the 
reaction mixture for SC-UK (but not for TC-UK). At 1 and 2 hours, 
reactions were stopped by dilution of aliquots with SDS sample 
buffer (reducing). 

To test the effect of occupancy of the lysine binding sites of 
Glu-plasminogen on its susceptibility to SC-UK, the reaction was 
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run as described above for 2 hours but with the addition of either 
0.25 mg/mL of soluble fibrin or 25 mmol/L of lysine. A concentra- 
tion of 5,000 IU/mL SC-UK or 25 IU/mL of TC-UK was used. 


RESULTS 


Effect of inhibitors on the amidolytic activities of SC-UK 
and TC-UK. Preparations of SC-UK were found to have a 
low but variable specific activity against the synthetic sub- 
Strate S-2444 as expressed by the ratio of activities before 
and after plasmin treatment. The variability in this measure- 
ment could be attributed to even very small contamination 
with TC-UK. When preparations were pretreated with DFP 
(1 mmol/L), sufficient to abolish the activity of the contami- 
nant, a more consistent result was obtained, which showed 
that SC-UK had an inhibitor resistant activity corresponding 
to 0.1% to 0.2% of its latent activity as previously 
observed.'° 

A similar result was obtained with the more specific 
inhibitor dns-GGA-ck. Treatment with 20 wmol/L of dns- 
GGA-cK completely inactivated TC-UK, whereas after pro- 
vision for decay of the inhibitor by hydrolysis (described in 
the Methods section), the plasmin activatable activity of 
SC-UK was at least 97% recoverable. 

Effects of inhibitors on the reaction of SC-UK with 
plasminogen. In mixtures of SC-UK with plasminogen 
(whether Glu or Lys), there was rapid activation of the 
plasminogen and conversion of SC-UK to the two chains of 
TC-UK, indicating that TC-UK was being generated and 
possibly was dominating the reaction. When aprotinin (100 
KIU/mL) and dns-GGA-ck (20 pmol/L) were included in 
the reaction mixture, the activation of plasminogen was 
greatly decreased even though electrophoretic analysis 
revealed that significant traces of SC-UK were still being 
converted to TC-UK. When the concentration of aprotinin 
was increased to 500 KIU/mL, however, the secondary 
reaction of SC-UK activation appeared to be prevented. 

Comparison of the activation of Glu-plasminogen by 
SC-UK and TC-UK. Under these conditions limiting the 
secondary reactions, the activity of SC-UK was quantita- 
tively compared with that of TC-UK. With both forms of 
UK, there was a concentration- and time-dependent genera- 
tion of the heavy (mol wt 67,000) and light (mol wt 25,000) 
chains of plasmin (Figs 1A and B). Densitometric scanning 
of the gels showed that the plasmin produced by 10,000 
IU/mL of SC-UK in 1 hour was approximately equa! to that 
which occurred with 20 IU/mL of UK in 2 hours. Thus, a 
ratio of ~250 was calculated, ie, SC-UK was 0.4% as active 
as TC-UK against plasminogen. This ratio was comparable 
to its activity against synthetic substrate (0.1% to 0.2%). 

Comparison of the activations of Lys-plasminogen and 
Glu-plasminogen. Whe Lys-plasminogen was substituted 
for Glu-plasminogen in the above reaction mixtures, the rate 
of conversion by both activators was increased, as shown in 
Figs 2A and B, representing | and 2 hours of incubation, 
respectively. A similar differential between the activities of 
TC-UK and SC-UK was seen with Lys- as with Glu- 
plasminogen (5,000 IU/mL of SC-UK x I hour was compa- 
rable to 10 IU/mL of TC-UK x 2 hours, or a ratio of 
~ 250). 
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(A) Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under reducing conditions of mixtures of 


Glu-plasminogen, aprotinin (500 KIU/mL), dns-GGA-cK, and activators incubated (37 °C) for 1 hour. Left: (a) two-chain urokinase (TC-UK) 
plus single-chain urokinase (SC-UK) marker; TC-UK at (1) 5, (2) 10, and (3) 20 IU/mL. Right: SC-UK at (4) 5,000, (5) 10,000, and (6) 20,000 
IU/mL; (b) Glu-plasminogen marker. The heavy and light chains of Glu-plasmin appear at mol wts 67,000 and 25,000, respectively. (B) 


SDS-PAGE of the mixtures shown in A after 2-hour incubation. 


Effect of lysine and of soluble fibrin on Glu-plasminogen 
activation. When lysine or soluble fibrin was used as a 
modifier of Glu-plasminogen, the observed increased suscep- 
tibility of Lys-plasminogen to activation was found to extend 
to this conformationally modified form. Quantitation by 
densitometric scanning of the gel shown in Fig 3 showed that 
whereas 5,000 IU/mL of SC-UK activated <15% of Glu- 
plasminogen in 2 hours, the inclusion of 25 mmol/L of lysine 
enhanced activation to ~45%. Soluble fibrin at 0.25 mg/mL 
gave a significant but smaller enhancement to ~30% conver- 
sion. 
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DISCUSSION 


When plasminogen activation was measured under condi- 
tions designed to isolate the reaction inherent to SC-UK, a 
consistent magnitude of discrepancy was observed between 
SC-UK and TC-UK in their abilities to activate either 
Glu-plasminogen or Lys-plasminogen. The activity of SC- 
UK was ~0.4% that of TC-UK, a differential comparable to 
their respective rates of hydrolysis of synthetic substrate 
S-2444. These findings are compatible with other zymogenic 
characteristics of SC-UK, such as its relative resistance to 
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(A) Reduced sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of mixtures of Lys-plasminogen, aprotinin 


(500 KIU/mL), dns-GGA-cK and two-chain urokinase (TC-UK) at (1) 5, (2) 10, and (3) 20 IU/mL and single-chain urokinase (SC-UK) at (4) 
5.000, (5) 10,000, and (6) 20,000 IU/mL incubated (37 °C) for 1 hour; (a) TC-UK plus SC-UK marker; (b) Lys-plasminogen marker. The heavy 
and light chains of Lys-plasmin appear at mol wts 59,000 and 25,000, respectively. (B) SDS-PAGE of mixtures shown in A after 2-hour 


incubation. 


PLASMINOGEN ACTIVATION BY SC-UK 
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Fig 3. Reduced sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) of mixtures of Glu-plasminogen incu- 
bated (37 °C) for 2 hours with single-chain urokinase (SC-UK) 
{5,000 IU/mL) (1) alone, (2) plus lysine, and (3) plus soluble fibrin: 
or two-chain urokinase (TC-UK) (25 IU/mL) (1) alone, (2) plus 
lysine, and (3) plus soluble fibrin; (a) soluble fibrin marker. In lanes 
2 and 3, the appearance of the heavy and light chains of plasmin 
are seen at mol wts 67,000 and 25,000, respectively. 


inhibitors like DFP or dns-GGA-ck, and its stability in 
plasma.“ 

The observance of such a differential between the reactivi- 
ties of TC-UK and of SC-UK with the physiological sub- 
strate, Glu-plasminogen, is at variance, however, with the 
report of Collen and colleagues'® in which the activity of 
SC-UK was stated to have a catalytic efficiency comparable 
to that of TC-UK. The discrepancy must be evaluated in 
terms of the methods of analysis used and particularly the 
measures taken to eliminate side reactions, principally the 
generation of TC-UK. These authors used the competitive 
influence of the synthetic plasmin substrate itself (S2251 at | 
mmol/L) to inhibit the action of plasmin on SC-UK at a 
concentration that is four times the K,, but that occupies 
plasmin only to the extent of 80% of its V,,,, (calculated from 
Michaelis-Menten equation). Therefore, plasmin inhibition 
may not have been complete. Moreover, the product of this 
substrate, bearing a carboxy-terminal lysine residue, has the 
potential to modify Glu-plasminogen by occupying the lysine 
binding site which promotes its activatability either by UK'® 
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or by pro-UK (Fig 3). Ultimately, the confirmation of one 
view or the other must await the application of additional 
experimental approaches to the problem of isolating the 
primary reaction. 

Evidence for a low inherent activity of SC-UK has also 
been observed in other systems. Preparations free of TC-UK 
contamination induce fibrinolysis on a standard fibrin plate 
and in a model plasma clot lysis system.’* We have proposed 
that this inherent activity of SC-UK may constitute a trigger 
that leads to plasmin generation on the clot surface primarily 
by way of the positive feedback of the secondary reaction of 
TC-UK production.”'’ The side reaction that is triggered by 
plasmin activation of SC-UK, posing methodologic compli- 
cations, probably serves as a useful physiologic amplifier, 
greatly increasing the rate of localized plasmin generation. 

Although the intrinsic activity of the SC-UK is not 
incompatible with its proenzyme designation," the magni- 
tude of this activity is relatively large. Therefore, SC-UK 
may be seen as occurring somewhere along a spectrum 
defined by an absolutely inactive zymogen at one extreme 
and the fully activated enzymatic form, here represented by 
TC-UK, at the other extreme. The appropriate place for 
SC-UK along this spectrum has been defined here only in 
qualitative terms. Quantitative appraisal of that position has 
been thwarted by the methodologic problems of measuring 
the kinetics of the primary reaction of SC-UK and Glu- 
plasminogen in functional isolation. 

With Lys-plasminogen as substrate, plasmin generation 
was Significantly more rapid with either activator, although 
the ratio of their reaction rates remained comparable. Simi- 
larly, a potentiation of plasmin generation occurred when 
lysine or soluble fibrin was added to Glu-plasminogen reac- 
tion mixtures. This effect of lysine or soluble fibrin is related 
to the conformational change induced in Glu-plasminogen by 
occupancy of the fibrin/lysine binding site(s).'? We recently 
proposed that the preferential activation of fibrin-bound 
plasminogen is an important element of the mechanism 
responsible for the fibrin specificity of SC-UK.'* A preferen- 
tial activation of Lys-plasminogen over Glu-plasminogen has 
previously been reported for TC-UK." 

In conclusion, under conditions in which the primary 
reaction inherent to SC-UK was isolated and compared with 
that of TC-UK, a major difference was consistently observed 
between their respective activities, whether as hydrolysis of 
the synthetic substrate S-2444, reaction with inhibitors such 
as DFP or dns-GGA-ck, or proteolytic activation of either 
Glu-plasminogen or Lys-plasminogen. 
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Topology and Order of Formation of Interchain Disulfide 
Bonds in von Willebrand Factor 


By Denisa D. Wagner, Sarah O. Lawrence, Betsy M. Ohlsson-Wilhelm, Philip J. Fay, and Victor J. Marder 


interchain disulfide bonds between the subunits in von 
Willebrand factor (vWf) dimers and in vWf multimers have 
been studied using some unique features of the cultured 
human umbilical vein endothelial cell system. Ammonium 
chloride inhibition of multimerization of vWf allowed selec- 
tive examination of vWf dimeric molecules, and mono- 
clonal antibody against the vWf propolypeptide was used 
to separate pro-vWf dimers from mature dimers. After 
cleavage of dimers and multimers with Staphylococcus 
aureus V-8 protease, the location of interchain disulfide 
bonds in amino (N)-terminal or carboxyl (C)-terminal frag- 


HE LARGEST von Willebrand factor (vWf) multimers 
are the most active in in vitro platelet aggregation and 
binding assays, and their absence in vivo results in type HA 
von Willebrand disease (vWd).' Therefore, the formation of 
the interchain disulfide bonds is a crucial aspect of vWf 
biosynthesis. Studies using cultured endothelial cells indicate 
that dimers of pro-vWf subunits are formed in the endoplas- 
mic reticulum, and only after these are transported to the 
Golgi apparatus does interdimer disulfide bond formation 
begin.” This latter process is pH sensitive because it is 
inhibited in the presence of a weak base such as ammonium 
chloride.’ Simultaneous with multimerization, the vWf pro- 
polypeptide (von Willebrand antigen II),* located at the 
N-terminal end of the vWf subunit,” is proteolytically 
removed,’ and vWf is secreted into the culture medium or 
stored in the Weibel-Palade bodies.!° 
Many multimeric sizes of vWf are found in plasma.' The 
smallest circulating species is a dimer'''? that could corre- 
spond to the dimeric molecule formed in the endoplasmic 
reticulum. Limited proteolysis of plasma vWf with Staphy- 
lococcus aureus V-8 protease produces a single cleavage in 
the vWf subunit, yielding two large homodimers,'*"* indicat- 
ing that multimerization occurs in a head-to-head and tail- 
to-tail fashion. Electron microscopic observations confirm 
this type of arrangement and in addition reveal the vWf 
multimers to be elongated molecules with the interchain 
disulfide bonds located near the N-terminals and C-termi- 
nals of the subunits.'*"> In this study, we examine which of 
these interchain disulfide bonds is formed first (ie, in the 
endoplasmic reticulum) during dimerization of vWf and 
compare our result to a preliminary electron microscopic 
observation which assigns the interchain link of the smallest 
circulating species as being between the C-terminal regions 
of the vWf subunits.'® 


MATERIALS AND METHODS 


Cells and culture conditions. Endothelial cells were obtained 
from human umbilical vein by mild proteolytic digestion as 
described previously"™’’; only primary cultures were used. Cells were 
cultured in McCoy’s 5A medium (Flow Laboratories, Inc, McLean, 
VA) containing 20% fetal bovine serum (FBS). Ammonium chloride 
(Fischer Scientific, Rochester, NY) was dissolved in culture 
medium. For metabolic labeling, cells were grown for 3 days in the 
presence of [S]methionine (25 wCi/mL, 1148 Ci/mmol) (New 
England Nuclear, Billerica, MA). 
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ments was determined by ge! electrophoresis under 
reduced and nonreduced conditions. The first interchain 
disulfide bonds formed during dimerization are in the 
C-terminal region of the subunits, whereas interdimer 
disulfide bonds are located in the N-terminal portion. These 
data confirm recent electron microscopic projections of 
disulfide bond locations and provide support to the hypo- 
thetical role of the propolypeptide in the multimerization 
process. 

e 1987 by Grune & Stratton, Inc. 


Antibodies. Anti-vWf antiserum was purchased from Calbio- 
chem-Behring (San Diego). Antiserum against human pro-v Wf was 
prepared by immunization of New Zealand albino rabbits with 
purified von Willebrand antigen H (vW Agll) and vWf. Antiserum 
was rendered monospecific for pro-v Wf by filtration through Sepha- 
rose CL-4B coupled with plasma from a patient with severe v Wd. 
This polyclonal antiserum recognizes both the vWf propolypeptide 
(vW Agii) and the mature vWf multimers. Monoclonal antibodies 
against the 100-kd propolypeptide of vWf were prepared as follows: 
Spleen cells from female BALB/c mice hyperimmunized with the 
propolypeptide were fused to the myeloma cell line P3X63Ag8.653" 
at a ratio of 3:1, using standard techniques with HAT selection.” 
Supernatants from each resulting clone were tested by enzyme- 
linked immunosorbent assay (ELISA) against the propolypeptide. 
mature vWf, and fibronecton. Antibody-producing clones with pre- 
ferential activity against the 100-kd propolypeptide of vWf were 
expanded and recloned until clonal homogeneity was achieved (two 
to three subclonings). These were then frozen and stored. The 
specificity of antibody produced by such clones was confirmed by 
Western blotting.” 

Purification of vWf. vWf was immunopurified as described 
previously.’ For purification of molecules containing the propolypep- 
tide, 300 uL of supernatant containing monoclonal antibody was 
used for each sample. 

S aureus V-8 cleavage. Purified vWf in electrophoresis sample 
buffer containing 2% sodium dodecyl sulfate (SDS)*' was diluted 
twofold in water containing S aureus V-8 protease so that the fina! 
concentration of the enzyme was 10 ug/ml. After 10-minute 
digestion at room temperature, the reaction was stopped by adding 
1/10 vol of 20% SDS and boiling. Samples were immediately 
prepared for electrophoresis with or without dithiothreitol. 
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Electrophoresis gels. Agarose horizontal slab gels were pre- 
pared using a solution of 2% agarose, 0.1% SDS in 0.05 mol/L of 
phosphate buffer at pH 7.0, and running buffer was 0.1 mol/L of 
phosphate buffer, pH 7.0, with 0.1% SDS. SDS polyacrylamide gels 
were prepared as described by Laemmli.” For two-dimensional gel 
electrophoresis, protein was first run nonreduced on a 5% polyacryl- 
amide gel. The strip was cut out and incubated with constant shaking 
for 20 minutes at room temperature in running buffer’' that 
contained 50 mmol/L of dithiothreitol. The strip was then trans- 
ferred to the top of an identical 5% SDS polyacrylamide gel and 
overlaid with 0.5% agarose and 0.1 mol/L of dithiothreitol in 
running buffer before electrophoresis. Western blotting analysis was 
performed as previously described.” The primary antibody solution 
consisted of a mixture of three different anti-vWf propolypeptide 
monoclonal antibody supernatants each diluted 1:25. 


RESULTS 


Ammonium chloride inhibits interdimer disulfide bond 
formation and partially blocks cleavage of prosequence.° 
Therefore, in its presence, endothelial cells in culture secrete 
dimeric molecules, some of which contain pro-vWf subunits 
(Fig 1). S aureus V-8 protease cleaves the vWf or pro-vWf 
subunit in two fragments (refs. 13 and 14 and our prelimi- 
nary results). As diagrammed schematically in Fig 1, the 
C-terminal fragments released from the two types of subunit 
would have to be identical, whereas the N-terminal fragment 
from the pro-vWf subunit should be larger, because it 
contains in addition the 100-kd prosequence. To localize the 
interchain disulfide bond(s) in the dimers to the N-terminal 
or C-terminal portion of the molecule (options A or B, Fig 1), 
we generated these V-8 protease fragments and determined 
which were dimeric in the absence of reduction. 

Human umbilical vein endothelial cells were metabolically 
labeled in the presence of 25 mmol/L of ammonium chloride. 
Culture medium was collected, and molecules containing the 
pro-vWf sequence were purified by the use of monoclonal 
antibody prepared against the propolypeptide. vWf mole- 
cules containing mature subunits were then isolated from the 
supernatant with a polyclonal anti-vWf antiserum. The 
purified protein was examined nonreduced on a 2% agarose 
gel (Fig 2A), and both reduced and nonreduced protein was 
examined on a 5% polyacrylamide gel (Fig 2B). The sample 
purified with the antipropolypeptide monoclonal antibody 
contained mostly dimers of pro-vWf subunits and free pro- 
polypeptide.’ The protein purified with the polyclonal antise- 
rum was composed predominantly of dimers of mature 
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subunits and did not contain the free propolypeptide (Fig 2). 
Two major bands were produced by V-8 protease cleavage of 
the mature vWf and pro-vWf dimers. One band was shared 
between the two samples (Fig 2B, lanes 2 and 4 reduced, 
lanes 6 and 8 nonreduced) and therefore represents the 
C-terminal fragment (CTF). As expected, the other N- 
terminal cleavage fragment was larger when obtained from 
the pro-vWf dimer (pro-NTF) than from mature vWf dimers 
(NTF) (Fig 2b). The identification of the fragments was 
further confirmed by Western blotting as follows: a mixture 
of pro-vWf and vWf dimers purified from culture medium of 
ammonium chloride-treated cells by polyclonal antiserum 
against pro-vWf were digested by V-8 protease. The starting 
material and the resulting fragments were electrophoresed 
ona reduced 6% polyacrylamide gel. Western blots of this gel 
with a mixture of antipropolypeptide monoclonal antibodies 
(Fig 3) identified the pro-vWf subunit, the propolypeptide, 
and the pro-NTF, and demonstrated that the large pro-NTF 
indeed contains the N-terminal portion of the molecule. 

Both pro-NTF and NTF migrated faster on gels nonre- 
duced, indicative of the presence of intrachain disulfide 
bonds (Fig 2B). On the other hand, the C-terminal fragment 
migrated significantly more slowly nonreduced, suggesting 
that it was dimeric. To show this more convincingly, the 
S aureus V-8 proteolytic fragments were examined by 
two-dimensional gel electrophoresis (Fig 4). In the first 
dimension, the samples were electrophoresed nonreduced on 
a 5% polyacrylamide gel; then the lanes were cut out, 
incubated in the presence of a reducing agent, and placed on 
top of a second 5% polyacrylamide gel (as shown in Fig 4) 
and electrophoresed. Only CTF migrated well below the 
diagonal of the gel, confirming that it was dimeric prior to 
reduction. It appears therefore that the dimers that are the 
building blocks of vWf polymers” are held together by 
disulfide bond(s) localized in the C-terminal region of the 
polypeptide chain (option B, Fig 1). 

The major products of S aureus V-8 cleavage of plasma 
vWf are two large distinct dimeric fragments, >* indicating 
that both ends of the vWf subunit form interchain disulfide 
bonds. Because the first link between the subunits of dimers 
is in the C-terminal region, the interdimer disulfides formed 
later in the processing of vWF? should involve the other 
(N-terminal) end of the subunit. If this is so, the amount of 
the monomeric N-terminal fragment should decrease with 
an increase in size of vWf multimers submitted to S aureus 
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Schematic representation of the location of disulfide bonds in the pro-vWf dimer and mature vWf dimer. The arrowheads 


indicate the approximate cleavage site for Staphylococcus aureus V-8 protease. Following cleavage, V-8 protease produces N-terminal 
fragments (pro-NTF and NTF) and C-terminal fragments (CTF). If the interchain disulfide bond(s) of the dimers is located at the N-terminal 
part of the molecule (option A), the pro-NTF and NTF will be dimeric, whereas a location of the disulfide bondis} at the C-terminal end 
(option B) will produce dimeric CTF. 
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Fig 2. Staphylococcus aureus V-8 cleavage of pro-vWf and vWf dimers. (A) The wide range in size of vWf multimers secreted 
constitutively by metabolically labeled endothelial cell cultures is indicated in lane 1. In the presence of 25 mmol/L of ammonium chloride, 
only vWf dimers are produced, and these can be separated immunologically (described in text) into pro-vWf dimers (lane 2) and mature 
vWf dimers (lane 3). Purification of the pro-vWf dimer with specific monoclonal antibody against the prosequence also precipitates free 
propolypeptide. Autoradiograph of a 2% agarose gel is shown. (B) Autoradiograph of a 5% polyacrylamide gel, the left portion of which 
(lanes 1 through 4) was obtained with reduced protein. Pro-vWf dimers were examined before V-8 protease cleavage (lanes 1 and 5) and 
after cleavage (lanes 2 and 6). Mature vWf dimers are similarly shown before protease cleavage (lanes 3 and 7) and after cleavage (lanes 4 
and 8). The 100-kd propolypeptide is not cleaved by the V-8 protease. Comparison of migration of the fragments with mol wt markers 
gives the following mol wts: pro-NTF 200 kd, CTF 145 kd, and NTF 125 kd. Because vWf and pro-vWf migrate anomalously in 
polyacrylamide gels,* these estimated mol wts are likely incorrect. The minor band which migrates more rapidly than the pro-NTF and NTF 
fragments is a secondary cleavage product of these fragments. The small amount of mature vWf subunit in the pro-vWf preparation (lane 
1) indicates that a minor fraction of the dimers synthesized in the presence of ammonium chloride are heterodimeric, that is. they contain 
both types of subunits. The small amount of pro-vWf subunit present in the vWf preparation (lane 3) reflects incomplete prior removal of 
all pro-vWf by the antipropolypeptide monoclonal antibody. 


V-8 digestion. vWf purified from endothelial cell’s culture 
medium (using anti-vWf antiserum) is predominantly com- 
posed of small vWf multimers” (Fig 2a), whereas the protein 
stored in the endothelial cells is highly multimerized.** In the 
endothelial cell's endoplasmic reticulum, there is in addition 
a large pool of pro-vWf dimers that we can separate from the 
mature vWf with antipropolypeptide monoclonal antibodies. 
Metabolically labeled endothelial cell lysate was therefore 
subjected to a two-step purification procedure. The first step 
removed the prosequence containing molecules that were 


discarded, and the second isolated the remaining high- 
mol-wt (HMW) vWf multimers, using a polyclonal anti-vWf 
antiserum. These large cellular multimers were subjected to 
S aureus V-8 digestion in parallel with the predominantly 
small multimers purified from the culture medium. The 
starting material and the resulting fragments were analyzed 
nonreduced on 6% acrylamide gels (Fig 5). Significantly less 
monomeric N-terminal fragment was generated from the 
cellular sample (Fig 5, lane 4) than from the secreted vWf 
(Fig 5, lane 2), indicating that this portion of the subunit 
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Fig 3. Western blot of Staphylococcus aureus V-8 cleavage 
products with antipropolypeptide monoclonal antibodies. Culture 
medium from metabolically labeled cells in the presence of 25 
mmol/L of ammonium chloride was purified with polyclonal anti- 
pro-vWf antiserum and electrophoresed reduced on a 6% poly- 
acrylamide gel before (lane 1) and after (lane 2) digestion with V-8 
protease. The Western blot of this gel was done with a mixture of 
three monoclonal antibodies directed against the propolypeptide. 
Only the pro-NTF, not the CTF and NTF, reacted positively with 
the antibodies. Indications at left show migration of markers: 
myosin, 200 kd; §-galactosidase, 130 kd; phosphorylase b, 92.5 
kd. 


became highly involved in interchain disulfide bonding. 
Two-dimensional gel electrophoresis of the digested samples 
(not shown) revealed that the slowly migrating doublet 
contains both the dimeric C-terminal fragment and the 
dimeric N-terminal fragment. Because the S aureus V-8 
cleaves the vWf subunit close to its center, the dimers of the 
resulting fragments appear similar in size in our gel system. 
The doublet can be better resolved on low-percentage acry- 
lamide gels in which the CTF dimer migrates slower than the 
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NTF dimer (not shown). The very small amount of mono- 
meric N-terminal fragment (seen only after long autoradio- 
graphic exposures) produced from HMW vWf multi- 
mers confirms that this is the part of the subunit involved in 
the polymerization of the vWf dimers. 


DISCUSSION 


Although most of the amino acid sequence of the mature 
vWf subunit is known from molecular cloning studies*’ and 
protein sequencing,” the exact number and location of the 
interchain disulfide bonds in the vWf multimers remains to 
be elucidated. To localize the interchain disulfide bonds in 
vWf multimers, the structure of the protein was first simpli- 
fied to dimers. This was accomplished by culturing human 
umbilical vein endothelial cells in the presence of a weak base 
(ammonium chloride) that inhibits the intracellular multi- 
merization of dimers.’ The resulting dimeric molecules were 
separated into two groups, namely, those containing pro-vWf 
subunits and those built of mature subunits. For this purpose, 
we used monoclonal antibodies prepared against the vWf 
propolypeptide. The two sets of dimers were submitted to 
cleavage with S aureus V-8 protease, and the resulting 
fragments were compared reduced and nonreduced and by 
two-dimensional gel electrophoresis. A shared C-terminal 
fragment was shown to be dimeric (Figs 2 and 4). Therefore, 
the first interchain disulfide bonds formed in the biosynthesis 
of vWf during dimerization are in this C-terminal region of 
the subunit. 

We cannot reconcile why our results showed a C-terminal 
fragment that was larger than the N-terminal fragment 
whereas other researchers have reported opposite results 
following V-8 digestion of mature vWf." It is possible that 
the presence of SDS in our samples uncovered a different 
primary cleavage site for the protease, also localized in the 
center of the subunit, or that the fragments have different 
electrophoretic properties in our gel system. The sum of the 
apparent mol wts of the two fragments, ie, 145 plus 125 kd, 
corresponds to the size of vWf subunit (270 kd) determined 
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Fig 4. Two-dimensional gel electrophoresis of Staphylococcus aureus V-8 cleavage products (autoradiographs of 5% polyacrylamide 
gels). Samples were analyzed nonreduced in the first dimension as shown (left to right) and reduced in the second (top to bottom). 
Fragments were obtained from (A) pro-vWf dimers and (B) mature vWf dimers. 
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Fig 5. Staphylococcus aureus V-8 cleavage of mul- 
timeric vWf {autoradiograph of nonreduced 6% polyacryl- 
amide gels). Lanes 1 and 2 show results obtained with 
constitutively secreted vWf obtained from long-term 

labeled human endothelial cell medium and lanes 3 and 4 NTF [monomeric |> ww 


show results with high-mol-wt (HMW) cellular vWf mul- 
timers. Lanes 1 and 3 represent the starting material, and 
lanes 2 and 4 show the cleavage products after V-8 
protease digestion. Both CTF and NTF fragments 
obtained from the HMW multimers are dimeric, whereas 
the NTF obtained from culture medium vWf is mostly 
monomeric. 


by amino acid sequence and carbohydrate content studies of 
the protein.” Both the N-terminal’ and C-terminal” regions 
of the vWf polypeptide chain are rich in cysteines, but the 
center portion of the mature subunit contains a stretch of 
~600 amino acids that is poor in cysteines, similar to the 
disulfide distribution of fibronectin.” In addition, we showed 
that vWf dimers are similar to fibronectin dimers,” in that 
both are held together at the C-terminal portion of the 
subunits (Fig 1, option B). In human cells, the formation of 
the vWf dimers is dependent on N-linked glycosylation of the 
subunits, since tunicamycin, which inhibits glycosylation, 
also blocks processing of vWf beyond the monomeric form.’ 

A recent abstract'® compared the electron microscopic 
appearance of N-terminal and C-terminal fragments of 
plasma vWf with that of the smallest circulating form of vWf 
and suggested that this dimeric molecule is held together in 
the C-terminal region of the subunits. It appears therefore 
that these small circulating species of vWf are not degrada- 
tion products of large multimers but instead represent the 
dimeric molecules synthesized in the endoplasmic reticulum 
and secreted by endothelial cells>? and megakaryocytes” in 
culture. 


Comparison of the nonreduced fragments obtained from 
dimeric and multimeric molecules (Figs 2 and 5) reveals that 
the interdimer disulfide bonds involve the N-terminal region 
of the subunit. This may occur by direct oxidation of the free 
sulfhydryl groups present on the pro vWf-dimers,’ which are 
absent from mature vWf multimers.” The multimerization 
process is likely to begin in the Trans Golgi apparatus’ and 
possibly continues during the packaging of the protein into 
the Weibel-Palade bodies. Loscalzo and colleagues showed 
that at high concentrations vWf can aggregate by noncova- 
lent forces and proposed that such forces might be important 
during intracellular assembly of vWf.’ We hypothesized 
that the large propolypeptide of vWf may assist in the proper 
alignment of the pro-vWf dimers for the interdimer disulfide 
bond formation.’ The observation that these links are formed 
in proximity to the prosequence, ie, in the N-terminal region 
of the subunit, is further support for this hypothesis. 
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Regulation of Early Human Hematopoietic (BFU-E and CFU-GEMM) Progenitor 
Cells In Vitro by Interleukin 1-Induced Fibroblast-Conditioned Medium 


By James R. Zucali, Hal E. Broxmeyer, Charles A. Dinarello, Mary Ann Gross, and Roy S. Weiner 


Stimulators of human erythroid burst-forming units (BFU- 
E) and multipotential colony-forming cells (CFU-GEMM) 
can be produced by a number of different cell types. A 
product of human peripheral blood monocytes, interleukin 
1 (IL-1), was evaluated for its ability to stimulate fibroblast 
cultures to produce stimulators of human bone marrow 
BFU-E and CFU-GEMM colony formation. BFU-E and CFU- 
GEMM colony formation was evaluated using low-density, 
nonadherent low-density, and T lymphocyte—depleted non- 
adherent low-density human bone marrow cells cultured in 
the presence of a source of pure human erythropoietin. 
Both human monocyte conditioned medium (MCM) and 
human recombinant IL-1 (hriL-1) induced fibroblasts to 


ROWTH OF HUMAN hematopoietic progenitor cells 

in clonal cultures requires the presence of specific 
soluble stimulating factors. Besides erythropoietin, erythroid 
burst-forming units (BFU-E) and multipotential (CFU- 
GEMM) progenitor cells require factors present in medium 
conditioned by blood leukocytes or other sources of burst 
promoting activity (BPA).'° A variety of cell types have been 
implicated in BPA production. These include monocytes 
and/or macrophages,** T lymphocytes,°* and endothelial 
cells.’ Similar cell types have also been reported to be 
involved in GM-CSA production. ® Recent studies have 
focused on the monocyte as a central cell involved in the 
regulation of GM-CSA and BPA production.'''? These 
studies report that monocytes produce a monokine or mono- 
kines which function by recruiting other accessory cells to 
produce GM-CSA and/or BPA. 

We have recently identified interleukin | (IL-1) as one 
monocyte product which induces confluent fibroblast cul- 
tures to produce and release GM-CSA." Both purified 
human monocyte-derived IL-1 and human recombinant 
IL-1 (hriL-1) reproduce the biologic activity found in this 
monocyte conditioned medium (MCM). In addition, a poly- 
clonal antibody to IL-1 abolished this biologic activity. In the 
present study, we demonstrate that confluent fibroblast 
cultures, when stimulated by a factor present in MCM or by 
hriL-1 also produce stimulators of colony formation by 
BFU-E and CFU-GEMM. Furthermore, the stimulation of 
fibroblast cultures by MCM or hriL-1 can be blocked by the 
addition of antibody to IL-1. 


MATERIALS AND METHODS 


Isolation of peripheral blood monocytes. Peripheral blood cells 
were obtained from normal donors who had given informed consent. 
Peripheral blood leukocytes were isolated following semicontinuous 
flow pheresis'* and the buffy coat was diluted with two volumes of 
Hanks’ balanced salt solution without calcium and magnesium prior 
to removing platelets by centrifugation at 150 x g for ten minutes. 
This cell suspension was centrifuged over Ficoll-Hypaque (specific 
gravity 1.078) to remove contaminating granulocytes and erythro- 
cytes. The mononuclear cells at the interface were collected and 
separated into two populations, monocytes and lymphocytes, by 
elutriation centrifugation as previously reported. Using this 
technique, monocytes were collected as a homogeneous cell popula- 
tion and further subjected to 2-aminoethylisothiouronium bromide 
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produce stimulators of BFU-E and CFU-~GEMM in a dose- 
dependent fashion with maximal colony formation occur- 
ring when fibroblasts were stimulated by 25% MCM or 140 
ng/mL ROO6B hriL-1, or 1.25 to 5 ng/mL ROOST hril-1. 
Preincubation of MCM and hriL-1 with an antibody to IL-1 
inactivated the ability of MCM and hril-1 to induce the 
release of erythroid and multipotential colony stimulating 
activity from fibroblasts. These results suggest that mono- 
cyte-derived IL-1 is involved in regulating the production of 
humoral stimulators of early human hematopoietic progen- 
itors. 

e 1987 by Grune & Stratton, inc. 


hydrobromide (AET)—treated sheep erythrocyte depletion to remove 
any contaminating T lymphocytes. Nonrosetting cells were sepa- 
rated by centrifugation through Ficoll-Hypaque. The purity of 
nonrosetting cells was determined using OKT3 (Ortho Diagnostics, 
Raritan, NJ) and LeuM3 (Becton Dickinson, Mountain View, CA} 
monoclonal antibodies and indirect immunofiuorescence with affini- 
ty-purified goat antimouse IgG F(ab}, FITC (Cappel, West Ches- 
ter, PA). The cells were analyzed using both fluorescence micros- 
copy and a Coulter Model C flow cytometer. Background staining 
was determined on cells treated with nonimmune mouse immunoglo- 
bulins and second antibody. In addition, monocytes were identified 
on cytocentrifuge-prepared slides stained with Wright’s-Giemsa and 
nonspecific esterase using alpha naphthyl acetate as substrate.'* The 
monocyte populations used in all experiments described contained 
<2% OKT3-positive, >98% LeuM3-positive, and >98% nonspecific 
esterase—positive cells. 

Monocyte-conditioned medium preparation. Fresh or cryapre- 
served separated monocyte populations were cultured at 5 x 10° 
cells/mL for two days in alpha minimum essential medium (GIB- 
CO, Grand Island, NY) containing 6% fetal bovine serum (Hyclone, 
Logan, UT) and | ng/mL endotoxin (LPS) (lipopolysaccharide B, 
S. typhosa. (DIFCO). The conditioned media were harvested and 
stored frozen at — 20 °C for assay. 

Recombinant human IL-1. Human recombinant IL-1 (hril-t) 
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containing amino acids 71 through 269 and having a molecular 
weight of 24.5 kD (ROO6B) or another recombinant preparation 
(ROO6T) containing amino acids 112 through 269 and having a 
molecular weight of 17.0 kD were obtained as previously 
described." Briefly, hriL-1—producing bacteria were grown at 
37°C and lysed, and the hrIL-1 was purified by sequential ion 
exchange and either gel-filtration chromatography or high-perfor- 
mance liquid chromatography (HPLC). The hrIL-1 was stored at 
—70°C in a 0.15 mol/L phosphate-buffered saline, pH 5.8. The 
identity of the purified hr1L-1 was confirmed by amino acid compo- 
sition and sequence of the amino terminal heptapeptide. Protein 
concentration was determined by the Bradford method using bovine 
serum albumin (BSA) as standard. Purity was assessed by sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
with Coomassie blue or silver staining. The hrIL-1 was estimated to 
be greater than 99% pure. 

Fibroblast conditioned medium preparation. Human lung 
fibroblasts (CCL 202) were obtained from the American Type 
Tissue Culture Collection (Rockville, MD) and cultured in Dulbec- 
co’s Modified Eagle’s Medium (DMEM) (GIBCO) supplemented 
with 10% fetal bovine serum (Hyclone). Fibroblasts from the first to 
the tenth passage were used, and the cell density ranged from 1 to 5 
x 10* cells per square centimeter. Cells were subcultured by brief 
(one-minute, 37 °C) treatment with 0.05% trypsin/0.02% disodium 
EDTA (wt/vol in PBS) and resuspended in fresh DMEM plus 10% 
fetal bovine serum and reseeded at a 1:5 dilution in 35-mm culture 
plates. At least 24 hours were allowed to elapse after initial seeding 
or subculture to obtain confluence before an experiment was begun. 
For assay, the fibroblast cell culture was replaced with 10% to 50% 
monocyte-conditioned medium, with or without a 1:100 dilution of 
the IgG fraction of rabbit antihuman Il-1, various concentrations 
of hrIL-1, or control medium diluted with fibroblast culture medium 
(FCM), and the cultures were returned to the incubator for an 
additional 24 hours. As controls, hrIL-1 alone, MCM alone, and 
FCM in the absence of hrIL-1 or MCM were incubated for 24 hours 
prior to assay. After 24 hours, the medium was aspirated and 
centrifuged (200 x g, five minutes), and the supernatants stored at 
—20 °C until tested. 
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Bone marrow cell preparation. Bone marrow cells were 
obtained by aspiration from the posterior iliac crest of healthy 
volunteers who had given informed consent. Unseparated nucleated 
buffy coat cells were obtained by centrifugation of whole bone 
marrow aspirates at 1,500 rpm for ten minutes, and isolation of the 
white cells that overlay the red cell layer. Low-density (LD) cells 
(1.077 g/mL) were obtained after separation on Ficoll-Hypaque 
(Pharmacia, Uppsala) at 1,500 rpm fer 30 minutes, washed three 
times, and resuspended in Iscove’s modified Dulbecco medium 
(IMDM) (GIBCO) containing 10% fetal bovine serum. Cells were 
further separated into nonadherent low-density (NALD) cells after 
incubation on plastic tissue culture dishes (Falcon, Oxnard, CA) for 
90 minutes at 37 °C and 5% CO,. NALD cells were collected by 
gently swirling the dishes and slowly removing the suspension cells. 
NALD cells prepared in this manner routinely contained <2% 
nonspecific esterase-positive cells. To deplete T lymphocytes, 
NALD cells were further separated into E-rosette—positive (E+) 
populations according to a method modified from Weiner et al” as 
described previously.” Nonrosetting cells were separated by centrif- 
ugation through Ficoll-Hypaque. The purity of the NALD T lym- 
phocyte-depleted fraction (NALDT~} was analyzed by indirect 
immunofluorescence with OKT3 or OKTI1a as described above. 
The NALDT~ marrow cell fraction contained <2% OKT11la- 
positive cells. 

BFU-E and CFU-GEMM assay, Bone marrow cells were plated 
at 1 x 10° for LD and NALD cells and 4 x 10* for NALDT cells in 
35-mm Lux standard tissue culture dishes containing a 1-mL 
mixture of IMDM, 1% methylcellulose, 30% FBS, and 5 x 107° 
mol/L 2-mercaptoethanol. Cultures contained 0.1 mmol/L bovine 
hemin (Eastman Kodak Co, Rochester, NY) for CFU-GEMM 
colonies, while BFU-E were cultured without hemin. ™*! Human 
urinary erythropoietin (Toyoba, New York) or recombinant erythro- 
poietin (Amgen, Thousand Oaks, CA} 1 unit/mL and the condi- 
tioned mediums to be tested were added to the dishes on day 0. 
Results were comparable using the two preparations of erythropote- 
tin. Dishes were incubated at 37 °C in a humidified atmosphere 
flushed with 5% CO, and lowered (5%) O, for 14 days, at which time 
colonies were scored for BFU-E and CFU-GEMM. Lowered oxygen 


Table 1. Influence of FCM (MCM) and FCM (iL-1} on Colony Formation From BFU-E and CFU-GEMM by 
10° Low-Density Normal Human Bone Marrow Celis (LD) 
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BFU-E* CFU-GEMMt 
Experiments Experiments 
Additions 1 2 1 2 
Control medium 56 + 2t 32 +2 0 0 
MCM§ (25%) 69 + 2 3+ 1 
MCM (50%) 32 +4 0 
hriL-1 (350 ng/mL) 58 +3 27 +2 0 9 
FCM (control) 53 +2 30 +3 0 ($ 
FCM (MCM 10%)|| 773 Taa 
FCM (MCM 25%) 98 + 1 11+ 1 
FCM (MCM 50%) 51+ 3 6+ 1 
FCM (hriL-1 350 ng/mL) 95 +7 59 +2 9+1 7+ 1 
FCM (hriL-1 140 ng/mL) 77 +2 B+ 1 
FCM (hriL-1 70 ng/mL) 73+5 5+ 1 
FCM (hriL-1 35 ng/mL) 56+ 4 t+ 1 
FCM (control) + MCM (50%) 29 + 1 0 
FCM (MCM 50%) + FCM (Control) 53+4 7+ 1 
FCM (MCM 50%) + MCM (50%) 55 +1 6+0 


* BFU-E were cultured in the presence of 1 unit/mL erythropoietin (Epo) without hemin. 
+CFU-GEMM were cultured in the presence of 1 unit/mt erythropoietin (Epo) and 0.1 mmol/L hemin. 
tResults were expressed as mean + 1 SEM of four or five replicate cultures. 


§Monocyte-conditioned medium. 


i Resulting fibroblast-conditioned medium after stimulation by monocyte-conditioned medium. 
{Resulting fibroblast-conditioned medium after stimulation by human recombinant IL-1. 
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Table 2. Influence of FCM (MCM) and FCM (hriL-1) on Colony Formation From BFU-E and CFU-GEMM by 


10° Nonadherent Low-Density Normal Human Bone Marrow Cells (NALD) 


BFU-E* CFU-GEMM+ 
Experiments Experiments 
Additions 1 2 $ a 
Control medium 48 + 3+ 39 +2 0 Q 
MCM§ 50% 62 +3 45 +5 0 9 
hriL-1 350 ng/mL 50 +2 40 + 1 0 0 
FCM (Control) 49 +1 40 +2 0 8) 
FCM (MCM/ 10%) 91+8 89 +9 14+ 1 520 
FCM (MCM 25%) 134 + 2 100 + 1 22+2 19+ 3 
FCM (MCM 50%} 110+9 82 +3 27 +4 15 + 2 
FCM (MCM 25% + ab IL-1)7 63 + 1 38 + 1 0 0 
FCM (hril-1# 350 ng/mL) 101 +5 67 +2 36 +1 16 +2 
FCM (hriL-1 140 ng/mL) 101 +5 92 +5 27 +2 2le2 
FCM (hriL-1 70 ng/mL) 87 +5 77 +3 15:1 1+0 
FCM (hriL-4 35 ng/mL) 77 +5 55 + 2 6:2 0 
FCM (hriL-1 70 ng/mL + 54 <4 42+ 1 0 1+9 


ab iL~1)** 
* ALS [See footnotes, Table 1. 


Resulting fibroblast conditioned medium after stimulation by monocyte-conditioned medium previously incubated with antibody to il-1, 


#See Table 1, footnote §. 


**Resulting fibrodlast-conditioned medium after stimulation by hriL-1 previously incubated with antibody to IL-1. 


tension was obtained using an oxyreducer (Reming Bioinstruments, 
NY).”' The criteria for evaluating BFU-E colonies have been given 
elsewhere." Mixed (CFU-GEMM) colonies contained erythroid 
cells with granulocytes and macrophages and sometimes megaka- 
ryocytes. 

Statistical analysis. Levels of significance for comparisons 
between samples were determined using the Student’s ¢ distribution. 
The results are expressed as mean +1 standard error of the mean 
(SEM) of four or five plates per point for each experiment. 


RESULTS 


Both human monocyte—conditioned medium (MCM) and 
human recombinant interleukin 1 (hriL-1) were shown to 
induce confluent fibroblast cultures to produce and release 


stimulators of BFU-E and CFU-GEMM in nine different 
experiments using seven different target bone marrow prepa- 
rations. Stimulation occurred whether the target bone mar- 
row was depleted of high-density cells (Table 1, two separate 
experiments using two different target bone marrow popula- 
tions), high-density cells plus adherent cells (Table 2, two 
separate experiments using two different target bone marrow 
cells), or high-density cells plus adherent cells plus T lym- 
phocytes (Table 3, five different experiments using three 
different target bone marrow cells). Colony growth was 
significantly greater (P < 0,005) when bone marrow cultures 
were stimulated by supernatants of fibroblasts cultured in 
the presence of MCM or hrIL-1 when compared to superna- 
tants of fibroblasts or monocytes cultured in medium alone. 


Table 3. influence of FCM (MCM) and FCM (hriL-1) on Colony Formation From BFU-E and CFU-GEMM by 4 x 10* Nonadherent 
Low-Density T Cell-Depleted Human Bone Marrow Cells (NALDT)~ 








BFU-E* CFU-GEMM + 
Experiments Experiments 
Additions 1 2 3 1 2 3 

Control medium 27 + if 46:1 45 +4 o 2-7 120 
MCM§ 50% 26 + 1 49 +2 46 +2 0 2217 2+9 
hril-1 1X 27 x1 48 +2 47 +2 0 220 tzi 
FCM (Control) 29 +1 51+2 47 +2 0 221 2290 
FCM (MCM]| 10%) 103 + 1 17 +2 

FCM (MCM 25%) 124 +5 96 +7 99 +5 3i +3 2422 27i 
FCM (MCM 50%) 90 +6 33 +2 

FCM (MCM 25% + ab IL-1)f 37 +2 48 + 1 47 +2 0 3+ 1 2it 
FCM (hriL-1)# 1X 93 + 12 86 +4 113 +6 25 +5 32 2+2 29222 
FCM {hriL-1} 1:2 118 +8 95 +2 103 +6 3123 29 = 1 28 + 2 
FCM (hril-1) 1:4 98 +6 92 +7 63 +3 18 +5 19 +2 EE 
FCM (hril-1) 1:8 47 +4 67 +2 47 +2 321 12+ 17 9+ 1 
FCM (hril-1) 1:2 (+ iL-1)** 33 + 1 46 +2 45 +2 0 2+0 2:1 


* +.t.§. (See footnotes, Table 1. 


MY rh anina imni HY RORA MAY Hida nee Re 


‘IResulting fibroblast-conditioned medium after stimulation by monocyte-conditioned medium previously incubated with antibody to iL-1. 

#Experiment 1, human recombinant IL-1 {a 24.5-kD molecule containing amino acids 71 through 269) 1x = 350 ng/mL. Experiments 2 and 3, 
human recombinant IL-1 (a 17.0-kD molecule containing amino acids 112 through 269) 1x = 5 ng/mL. 

* *Resulting fibroblast-conditioned medium after stimulation by human recombinant IL-1 previously incubated with antibody to IL-1. 
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Erythroid BFU-E colonies stimulated with FCM(MCM) or 
with FCM(hrIL-1) were much larger in size than the 
erythroid colonies in the absence of FCM(MCM) or 
FCM(hrIL-1). The effects of MCM or hriL-1 required 
intact fibroblasts, since mixtures of FCM and MCM con- 
tained no more stimulatory activity than FCM or MCM 
alone (Group 13, Table 1). In the absence of Epo or Epo plus 
hemin, FCM(MCM) or FCM(hrIL-1) did not stimulate any 
BFU-E or CFU-GEMM colonies, but they did stimulate 
numerous CFU-GM colonies. Thus, in experiment | 
reported in Table 2, FCM(MCM 25%) stimulated 112 + 3 
day 7 and 64 + 1 day 14 CFU-GM colonies while 
FCM(hrIL-1, 140 ng/mL) stimulated 108 + 3 day 7 and 
59 + 4 day 14 CFU-GM colonies, respectively. Similar 
results were previously reported for the stimulation of CFU- 
GM by IL-1-induced fibroblast-conditioned medium.” 

To rule out the possibility that monocyte-conditioned 
medium or fibroblast-conditioned medium contained inhibi- 
tors for BFU-E and CFU-GEMM growth which were inacti- 
vated, allowing for the expression of enhanced colony 
growth, the following study was performed (Table 4). We 
assessed the effects of MCM, FCM and FCM(MCM) on 
erythroid and mixed colony formation stimulated by Epo or 
Epo plus hemin in the presence of 5637-conditioned medium. 
Medium conditioned with 5637 has been shown to be appro- 
priate for the detection of suppressor factors.” As seen in 
Table 4, none of the conditioned medium—suppressed colony 
formation by 5637-conditioned medium and the 
FCM(MCM) actually enhanced colony formation to a level 
equal to or slightly higher than that of FCM(MCM) in the 
absence of 5637-conditioned medium. (Compare group 6, 
experiments 2 and 3, Table 3 with group 4, Table 4). 

Maximal colony formation by BFU-E and CFU-GEMM 
occurred when fibroblast cultures were stimulated by 70 to 
140 ng/mL hrIL-1 (24.5 kD), 1.25 to 5.0 ng/mL hrIL-1 
(17.0 kD) or 25% to 50% MCM. Conditioned medium 


obtained from fibroblasts cultured in the presence of increas- 


ing concentrations of hrIL-1 (35 to 140 ng/mL or 0.625 to 
5.0 ng/mL) and MCM (10% to 25%) resulted in dose- 


Table 4. Assessing MCM, FCM, and the Resulting 
Fibroblast-Conditioned Medium After Stimulation by 
Monocyte-Conditioned Medium [FCM(MCM)] for Inhibitory 


Activity Against Colony Formation by BFU-E and CFU-GEMM.* 


BFU-Et CFU-GEMM§ 
Aaguonste Experiments Experiments 
5637 CMt 1 2 1 2 
Control medium 107 + 4| 108 + 7 8+1 8+0 
MCM 105 +4 109 +4 91 9+1 
FCM 106 +3 113 +8 9+ 1 9+ 1 
FCM (MCM)}) 112 +4 116 +6 28 + 2 27 +2 





*Similar results were seen with a second target bone marrow in two 


separate experiments. 
+5637 human bladder carcinoma-conditioned medium. 


{BFU-E were cultured in the presence of 1 unit/mL Toyoba Epo and 0.1 


mmol/L hemin. 


§SCFU-GEMM were cultured in the presence of 1 unit/mi. Toyoba Epo 


and 0.1 mmol/L hemin. 
l Results are expressed as mean + 1 SEM of four plates per point. 
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response increases in colony formation by BFU-E and CFU- 
GEMM. 

As further proof that the activity found in monocyte- 
conditioned medium was due to IL-1! production by mono- 
cytes, studies were conducted using an antibody to IL-1. A 
1:100 dilution of anti-IL-1 completely abolished the stim- 
ulation of CFU-GEMM by FCM(MCM 25%), while 
significantly reducing the enhancement of BFU-E colony 
formation. This same antibody completely abolished the 
stimulation of CFU-GEMM and BFU-E seen with fibro- 
blast-conditioned medium collected in the presence of hrIL-1 
(Tables 2 and 3). In addition, using this same IL-1 antibody, 
we tested to see if background erythroid colony formation 
stimulated in the presence of Epo or Epo plus hemin could be 
reduced by preincubation of the cells with IL-1 antibody. 
Cells were incubated for one hour with antibody to IL-1 
(1:100 final dilution) in the presence of Epo or Epo plus 
hemin, or were incubated for one hour with McCoy's 
medium in the presence of Epo or Epo plus hemin. The cells 
were then plated without washing so that the antibody to 
IL-1 or control medium were plated also. Erythroid growth 
and CFU-GEMM growth were unchanged (BFU-E 63 + 3v 
64 + 3 and CFU-GEMM 5 + 1 v5 + 1) when cells were 
incubated in the absence or presence of antibody to IL-1, 
respectively. 


DISCUSSION 


Assays are available to detect early human clonogenic 
progenitors that give rise to large erythroid colonies (BFU- 
E),' and colonies containing erythroid cells, granulocytes, 
megakaryocytes, and macrophages (CFU-GEMM).’ 
Growth of these early progenitor cells depends on the pres- 
ence of a source of burst-promoting activity (BPA) or 
conditioned medium obtained from leukocytes of patients 
with hemochromatosis cultured in the presence of 1% phyto- 
hemagglutinin. A number of different cell types including 
monocytes or macrophages,** T lymphocytes,”* and endothe- 
lial cells’ have been reported to produce BPA. Recent studies 
on regulatory cell interactions have reported that monocytes 
produce a factor (monokine) which stimulates production of 
BPA by endothelial cells.'* A similar cell-to-cell relationship 
has been proposed for GM-CSA production’! and we have 
recently identified interleukin 1 (IL-1) as one monocyte 
product which stimulates fibroblasts to produce GM-CSA." 
The results of the present study show that fibroblasts are also 
capable of producing stimulating activities for BFU-E and 
CFU-GEMM colony formation. The production of this 
stimulating activity by fibroblasts requires prior induction by 
a monocyte product which we have identified as IL-1. 
Fibroblasts cultured in the presence of monocyte-conditioned 
medium or human recombinant IL-1 stimulated signifi- 
cantly greater BFU-E and CFU-GEMM colony growth 
when compared to supernatants of fibroblasts, monocytes, or 
IL-1 cultured alone. Both FCM(MCM) and FCM(hrIL-1) 
stimulated BFU-E and CFU-GEMM colony formation in a 
dose-dependent fashion with maximal colony formation 
occurring when fibroblasts were stimulated by 25% to 50% 
MCM, 70 to 140 ng/mL hriL-1 (ROO6B), or 1.25 to 5 


REGULATION OF HEMOPOIESIS BY INTERLEUKIN-1 


ng/mL hrIL-1 (ROO6T). In addition, a polyclonal rabbit 
antibody specific for human monocyte IL-1 completely abol- 
ished CFU-GEMM colony-stimulating activity while com- 
pletely reducing the enhancing activity for BFU-E by 
FCM(hrIL-!) and almost completely reducing the enhanc- 
ing activity for BFU-E by FCM(MCM). 

The presence of inhibitors in monocyte-conditioned 
medium or fibroblast conditioned medium to erythroid and 
mixed colony growth appear unlikely, since neither MCM 
nor FCM suppressed colony growth stimulated by 5637 
human bladder carcinoma—conditioned medium. The action 
of FCM(MCM) and FCM(hrIL-1) on BFU-E and CFU- 
GEMM colony growth do not appear to require monocytes or 
T lymphocytes in the marrow population containing BFU-E 
and CFU-GEMM, since results were similar when the target 
bone marrow population was depleted of both adherent cells 
and T lymphocytes. 

Because FCM(hrIL-1) contains stimulators for CFU- 
GM, BFU-E, and CFU-GEMM, it is possible that all of 
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these actions are brought about by the presence of one or 
more factors. In this regard, human recombinant GM-CSF 
has been shown to stimulate BFU-E as well as CFU-GM.” 
Similarly, a pluripotent hematopoietic colony-stimulating 
factor (pluripotent CSA) has been purified from conditioned 
medium of the human bladder carcinoma cell line 5637.” 
This pluripotent CSF supports the growth of human mixed 
colonies, granulocyte-macrophage colonies, and early ery- 
throid colonies and induces differentiation of the human 
promyelocytic leukemic cell line HL-60 and the murine 
myelomonocytic leukemic cell line WEHI-3B (D+). 
Whether the resulting fibroblast-conditioned medium stimu- 
lated by IL-1 and reported here contains one or more of these 
CSFs must await purification studies. 
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Platelet Aggregation in Whole Blood From Patients With 
Glanzmann’s Thrombasthenia 


By Michael E. Burgess-Wilson, Stephen R. Cockbill, Geoffrey |. Johnston, and Stanley Heptinstall 


We examined platelet aggregation in platelet-rich plasma 
(PRP) and in whole blood from two patients with Glanz- 
mann‘s thrombasthenia. In PRP, aggregation was mea- 
sured by monitoring the changes in light absorbance that 
occurred in response to aggregating agents; to measure 
platelet aggregation in whole blood, we used a piatelet 
counting technique. In PRP, the patients’ platelets showed 
defective aggregation in response to ADP, adrenaline, 
arachidonic acid (AA), and collagen, but normal agglutina- 
tion occurred in response to ristocetin. In whole blood, 
however, platelet aggregation in response to the aggregat- 
ing agents appeared to be either very similar to that which 


LANZMANN’S thrombasthenia is a rare bleeding 
disorder characterized by defective platelet aggrega- 
tion but with a normal platelet count.’ Platelets from patients 
with this condition either do not aggregate or aggregate very 
poorly in response to agents such as ADP, adrenaline, 
arachidonic acid (AA), and collagen. Platelets from such 
patients agglutinate normally in response to ristocetin,”’ and 
this has been used to aid the diagnosis of the condition. 
Defective platelet aggregation is believed to result from a 
markedly reduced amount of a complex of glycoproteins (the 
glycoprotein lIb/IHa complex) on the platelet surface.’ This 
glycoprotein complex is essential for normal platelet aggre- 
gation but plays no part in ristocetin-induced platelet agglu- 
tination. 

Previous studies in which platelet aggregation in Glanz- 
mann’s thrombasthenia was compared with platelet aggrega- 
tion in healthy controls involved the use of platelet-rich 
plasma (PRP), in which aggregation is measured by follow- 
ing the changes in light absorbance that occur. With this 
technique, macroscopic platelet aggregates must form before 
the light absorbance of the PRP falls. It is now possible to 
measure platelet aggregation in whole blood by counting the 
number of single platelets (ie, unaggregated platelets) using 
a whole-blood platelet counter.°° Because the technique 
relies on the determination of the number of single platelets 
that remain in the blood rather than the size of the platelet 
aggregates that form, it is an extremely sensitive means of 
detecting platelet aggregates composed of relatively few 
platelets. In the present investigation, we compared platelet 
aggregation in PRP (measured with light absorbance) and 
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occurred in blood from normal subjects or only slightly 
reduced. There was a reduced response to all concentra- 
tions of ADP and to low concentrations of collagen but a 
normal response to all concentrations of adrenaline, AA, 
and higher concentrations of colagen. Conversely, there 
seemed to be an increased agglutination response to 
ristocetin. The abnormality in our two patients with Glanz- 
mann’s thrombasthenia probably lies in the inability of their 
platelets to form large, macroscopic aggregates rather 
than in platelet aggregation per se. 

e 1987 by Grune & Stratton, inc. 


whole blood (measured with the platelet counting technique) 
from patients with Glanzmann’s thrombasthenia. The results 
obtained using whole blood were compared with those 
obtained for healthy controls. 


MATERIALS AND METHODS 


Materials. Adenosine 5$'-diphosphate (ADP, sodium salt) 
adrenaline, and arachidonic acid (AA, grade 1 from porcine liver) 
were obtained from Sigma Chemical (St Louis). ADP and adrena- 
line were dissolved in saline before use; AA was converted to the 
sodium salt before use by dissolving it in 0.1 mol/L of sodium 
carbonate. Collagen (suspended equine collagen fibrils) was 
obtained from Hormon-Chemie and used as directed. Ristocetin 
sulphate was obtained from H. Lundbeck and dissolved in saline. 
Saline was 150 mmol/L of sodium chloride from Travenol Laborato- 
ries. The solution of citrate that was used to anticoagulate blood was 
3.8% (wt/vol) trisodium citrate dihydrate. M148 (a monoclonal 
antibody directed against the glycoprotein Hb/IHa complex) was a 
gift from Professor R.M. Hardisty, Institute of Child Health, 
London, and was used at a final dilution of 1:2,000. A control murine 
antibody 7917/36 (human osteogenic sarcoma cell-line) was a gift 
from Dr M. Price, Cancer Research Laboratories, University of 
Nottingham, England. 

Subjects. Blood samples were taken from a sister and brother, 
designated as patient 1 and patient 2 throughout, aged 17 and 19 
years, respectively, who had a similar history of mild bruising and 
bleeding. The diagnosis of Glanzmann’s thrombasthenia had been 
made by Dr F.E. Preston (Department of Haematology, Royal 
Hallamshire Hospital, Sheffield, England) on the basis of clinical 
history and the pattern of platelet aggregation in PRP characteristic 
of the condition. When examinated, the patients exhibited prolonged 
bleeding times (30 and 21 minutes, respectively), but clot retraction 
was normal as were the whole blood platelet counts. 

Blood samples were also taken from six healthy controls (three 
men and three women with an age range of 18 to 42 years) to obtain 
a set of normal values for platelet aggregation in whole blood. The 
tests on these samples were carried out using the same protocol as 
that used for the two patients. 

Blood collection. Blood was collected with minimum venous 
stasis from the antecubital vein into polypropylene syringes using a 
19 gauge, 2-inch needle, and aliquots (9 mL) were dispensed into 
polystyrene tubes that contained 1 mL. of citrate. Some of the 
citrated blood was centrifuged at 180 g for 10 minutes to prepare 
PRP, and the blood from which the PRP had been removed was then 
centrifuged at 1,200 g for 20 minutes to obtain platelet-poor plasma. 
The latter was used to adjust the platelet count in the PRP to 300 x 
10° platelets/L. 
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Measurements of platelet aggregation. Platelet aggregation in 

PRP was studied using the aggregometer and technique described by 

Adams and colleagues.’ Changes in light absorbance were recorded 

using a pen recorder. 

Platelet aggregation in whole blood was assessed by determining 

the number of single platelets that remained in the blood after 
adding an aggregating agent to a sample. The number of single 
platelets present was counted using an Ultra-Flo 100 Whole Blood 
Platelet Counter and the technique described by Fox and co- 
workers.° In brief, samples (500 uL) of blood were placed in small 
polystyrene tubes, and the tubes were placed in a water bath at 
37 °C, After 2 minutes, a small aliquot of the blood was removed for 
platelet counting, a metal stirrer bar was placed in each tube, and the 
blood was stirred at 1,000 rpm. After a further 2 minutes, another 
small aliquot was removed for platelet counting, and a solution of the 
aggregating agent under investigation was then added. Stirring was 
then continued, and further small aliquots were removed for platelet 
counting at 2-minute intervals up to 6 minutes after addition of the 
aggregating agent. The results obtained were expressed as the 
percentage of single platelets lost from the blood relative to the 
number of platelets present immediately prior to the addition of 
aggregating agent. 

Inhibition of platelet aggregation by M148. The monoclonal 
antibody, M148, binds to the glycoprotein Hb/Ia complex on the 
surface of normal platelets and inhibits aggregation induced by 
ADP, adrenaline, AA, and collagen in both PRP and in whole 
blood.* In some experiments, M148 (at a final dilution of 1:2,000) 
was added to blood from the two patients with Glanzmann’s 
thrombasthenia 2 minutes before the aggregating agent; aliquots 
were then removed for platelet counting at 20-second intervals up to 
2 minutes after addition of the aggregating agent. To facilitate this 
quicker subsampling technique, the aliquots (15 uL) were taken into 
fixative as described by Bevan and colleagues’ to be counted later on 
the Ultra-Flo 100. The results were compared with those obtained 
using a control murine antibody (791T/36). 

Measurement of glycoprotein expression. Expression of the 
glycoprotein Hb/Ha complex on the surface of platelets from the 
patients was measured using the monoclonal antibody, M148,'° 
combined with the technique of flow cytofluorimetry. After 240 pL 
samples of PRP were incubated with M148, aliquots containing 2 x 
10° platelets were removed to tubes containing a fluorescent-labeled 
rabbit anti-mouse immunoglobulin as described previously.'' After a 
further incubation. immunofluorescence analysis was carried out 
using the FACS IV Flow Cytofluorimeter.'? 

Microscopic examination of platelet aggregates. After samples 
of blood from both patients with Glanzmann’s thrombasthenia and 
samples of blood from a healthy contro! were stirred with ADP 
(10 umol/L), adrenaline (10 pmol/L), AA (0.2 mmol/L), collagen 
(6 ug/mL), and ristocetin (2 mg/mL), each for 6 minutes, the blood 

was smeared on a glass slide and stained with May-Grunwald- 
Giemsa stain. The tails of the blood smears were then examined for 
platelet/platelet aggregates under a light microscope. The effect of 
preincubating blood from the patients and controls with M148 or 


control antibody prior to adding 5 umol/L of ADP was also deter- 
mined. 


RESULTS 


Platelet aggregation in PRP. The light absorbance of 
samples of PRP from the patients with Glanzmann’s throm- 
basthenia either did not fall or fell only slightly when 
adrenaline, ADP, AA, or collagen was added to the PRP. In 
contrast, adding ristocetin to PRP from the patients induced 
a large fall in light absorbance; this was accompanied by the 
appearance of macroscopic platelet aggregates in the sample. 
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Examples of the results obtained for the two patients are 
given in Fig 1, these results having been seen on more than 
one occasion. 

Platelet aggregation in whole blood. In contrast to the 
results obtained in PRP, platelet aggregation did occur when 
ADP, adrenaline, AA, or collagen was added to whole blood 
from the patients with Glanzmann’s thrombasthenia. Table 
| shows the percentage loss of single platelets 6 minutes after 
the addition of aggregating agents to samples of whole blood 
obtained from the two patients and the controls. There was a 
reduced response in both patients, as compared with the 
mean control value, to all concentrations of ADP (Fig 2) and 
to the lower concentrations of collagen (0.3 and 1.0 ug/mL) 
and AA (0.1 mmol/L) but a normal response to all concen- 
trations of adrenaline and higher concentrations of collagen 
(3 and 6 uwg/mL) and AA (0.2 mmol/L). There was an 
increased agglutination response to the lower concentration 

of ristocetin used. 

When samples of whole blood from the patients with 
Glanzmann’s thrombasthenia were preincubated with 
M148, the platelet aggregation induced by ADP, adrenaline, 
and collagen, was virtually abolished (Fig 3). 

Glycoprotein expression. After immunofluorescence 
analysis of platelets incubated with M148 followed by a 
fluorescent-labeled immunoglobulin, the number of glyco- 
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Fig 1. The changes in light absorbance that occurred in 
platelet-rich plasma (PRP) (480 uL} that had been stirred at 37 °C 
for 2 minutes followed by the addition of various aggregating 
agents (20 uL). Typical traces obtained from both of the patients 
on one occasion are shown. For each aggregating agent, the first 


of each pair of traces is that obtained for patient 2 and the second 
is that for patient 1. 
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Table 1. Percentage of Single Platelets Lost Six Minutes 
After Addition of Aggregating Agents to Sampies 
of Whole Blood Stirred at 37 °C 





Aggregating Agent Patient 1 Patient 2 Controis 
Saline 2 4 1046 
ADP (0.5 mol/L) 9 8 22 2+5 
ADP (1.0 umol/L) 4 6 30 + 14 
ADP (2.0 umoal/L) 26 15 52 + 22 
ADP (10.0 umol/L) 40 28 90+9 
Adrenaline (0.2 pmol/L) 16 10 10+7 
Adrenaline (0.5 umol/L) 18 19 16 +9 
Adrenaline (1.0 umol/L) 21 25 20+9 
Adrenaline (2.0 umot/L)} 24 38 26 + 10 
Adrenaline (5.0 umoi/L} 30 39 33 + 17 
AA (0.1 mmol/L} 4 2 43 + 33 
AA {0.2 mmol/L} 92 93 95 +3 
Collagen {0.3 ug/ml} 11 7 20 + 14 
Collagen (1.0 ug/ml} 31 18 80 + 29 
Collagen (3.0 pg/mL.) 89 90 96 +1 
Collagen (6.0 g/mL) 92 94 97 + 1 
Ristocetin (1.6 mg/mL) 96 99 20 + 13 
Ristocetin (2.0 mg/mL) 97 99 95 +2 





Control values are mean + SD {n = 6). 


protein IIb/IIIa complexes on the surface of platelets from 
patients | and 2 were calculated to be 450 and 1,600, 
respectively. This compares with a mean value of 17,300 for 
platelets from normal subjects.* We have already shown that 
these patients have platelets that are deficient in glycoprotein 
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Fig 2. The percentage of single platelets lost from whole 
blood stirred at 37 °C following the addition of different concentra- 
tions of ADP at time 0. The results shown are for patient 1 (O) and 
patient 2 (0). The control values (A) are mean +SD {n = 6). 
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Fig 3. The percentage of single platelets lost from whole 
blood stirred at 37 °C following the addition of various aggregating 
agents at time 0. The blood had been preincubated for 2 minutes 
with either M148 or a control antibody. The results are for patient 
1 in the presence of either M148 (@) or control antibody (O) and for 
patient 2 in the presence of either M148 (W) or control antibody 
(O). Unfortunately, only data for patient 1 were obtained for 
ristocetin-induced agglutination. 


Hb/1a and that the deficiency does not reside in a subpopu- 
lation of cells." 

Microscopy. Samples of blood to which aggregating 
agents had been added were examined for the presence of 
platelet aggregates by light microscopy. Platelet aggregates 
were present in whole blood from the patients with Glanz- 
mann’s thrombasthenia as well as in blood from the normal 
control. When blood from the patients or controls was 
incubated with M148 before adding ADP, only single plate- 
lets were seen. 


DISCUSSION 


The results of our studies on platelet aggregation in PRP 
in which we used light absorption as a means of measuring 
the platelet aggregation that occurred are entirely consistent 
with those obtained by other workers who have investigated 
patients with Glanzmann’s thrombasthenia.'’ Aggregation 
was clearly defective in PRP from the two patients that we 
investigated. We were therefore surprised to find that the 
loss of single platelets induced by the addition of aggregating 
agents to whole blood from the patients appeared to be very 
similar to the loss obtained from healthy controls or was only 
slightly reduced. The reduced response to ADP was >1 SD at 
lower concentrations and >2 SDs at the highest concentra- 
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tion (10 wmol/L), whereas the reduced responses to collagen 
and AA were only seen at the lower concentrations tested. 

By preincubating whole blood from the patients with 
M148, we were able to confirm that the single platelets that 
were lost when an aggregating agent was added to whole 
blood were indeed taking part in aggregate formation. The 
addition of this monoclonal antibody virtually abolished the 
platelet loss that occurred following addition of ADP, adren- 
aline, or collagen to blood from the patients with Glanz- 
mann’s thrombasthenia. As further confirmation that plate- 
let aggregation was occurring in whole blood, we looked 
directly for platelet aggregates in blood from the patients 
using light microscopy. Platlelet aggregates were observed in 
all the samples to which an aggregating agent had been 
added. In addition, M148 prevented aggregate formation. 

We consider that the apparent discrepancy between 
results obtained in whole blood and PRP in this investigation 
relates to the differences in the two techniques that were used 
to measure the aggregation that occurred. The light absorb- 
ance of PRP falls only when very large platelet aggregates 
(that are visible to the naked eye and must contain many 
thousands of platelets) form. Conversely, the number of 
single platelets in whole blood falls as soon as the single 
platelets take part in aggregate formation whatever the size 
of the aggregates that develop. The defective platelet aggre- 
gation in PRP from patients with Glanzmann’s thrombasthe- 
nia may occur because the aggregates that form are rela- 
tively small. We believe that is it unlikely that the different 
results in PRP and whole blood relate to the presence of 
RBCs in the latter, but this possibility has not been 
excluded. 

Although the patients we investigated had platelets that 
contained markedly reduced amounts of surface-expressed 
glycoprotein IIb/IIIa complex (3% and 9% of normal for 
patients | and 2, respectively), the platelets were not com- 
pletely devoid of the glycoprotein complex. In addition, clot 
retraction occurred in coagulated whole blood from these 
patients. Thus, according to the definition of Caen, our 
patients probably have type H Glanzmann’s thrombasthenia. 
Platelets from patients with type I Glanzmann’s thrombas- 
thenia have undetectable amounts of the glycoprotein com- 
plex and clot retraction is absent in coagulated blood. 
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Although Nurden and colleagues’* recently reported the 
presence of measurable amounts of glycoprotein Hb and/or 
glycoprotein [Ila on the platelets of patients with type | 
Glanzmann’s thrombasthenia, they proposed that it was the 
number of functional glycoprotein I[b/IIla complexes 
expressed on the surface of the platelet that was important in 
discriminating between the two subgroups. It is probable that 
the small amounts of complex that are present on our 
patients’ platelets allow partial platelet aggregation that is 
detectable in our whole blood system but not in PRP. In view 
of the reduced platelet aggregation that occurs in response to 
ADP and low concentrations of collagen in whole blood from 
these patients, it will be interesting to discover if platelet 
aggregation is further reduced in whole blood from patients 
with a more severe glycoprotein IIb/IIIa complex deficiency. 
It must be noted that in our investigation platelets from 
patient | aggregated slightly more extensively in both PRP 
and whole blood than did platelets from patient 2, despite 
having a lesser amount of the glycoprotein Hb/HIa complex 
available and a longer bleeding time. This lack of correlation 
between glycoprotein expression, platelet aggregation, and 
bleeding time in these two patients may be caused by the 
close similarity of the patients with regard to both clinical 
and laboratory parameters, however. 

In the cases of Glanzmann’s thrombasthenia we have 
studied, only relatively small amounts of glycoprotein Hb/ 
Illa were expressed, and the deficiency resides in all the 
platelets rather than in a subpopulation." We have suggested 
that it is the amount of glycoprotein Hb/Ia on the surface 
of platelets that determines the size of the aggregates that 
are produced in response to an aggregating agent and that 
the true deficiency in Glanzmann’s thrombasthenia relates to 
the size of the aggregates produced rather than to aggrega- 
tion per se. The precise relationship between aggregate size 
and glycoprotein IIb/IIla expression needs to be explored by 
further experimentation. 
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Purification and Properties of Bacterially Synthesized Human 
Granulocyte-Macrophage Colony Stimulating Factor 


By Antony W. Burgess, C. Glenn Begley, Gregory R. Johnson, Angel F. Lopez, D. James Williamson, 
Jean Jacques Mermod, Richard J. Simpson, Albert Schmitz, and John F. DeLamarter 


Human granulocyte-macrophage colony stimulating factor 
(GM-CSF) has been synthesized in high yield using a 
temperature inducible plasmid in Escherichia coli. The 
human GM-CSF is readily isolated from the bacterial pro- 
teins because of its differential solubility and chromato- 
graphic properties. The bacterially synthesized form of the 
human GM-CSF contains an extra methionine residue at 
position 1, but otherwise it is identical to the polypeptide 
predicted from the cDNA sequence. The specific activity of 
2.9 x 10’ units/mg of protein for purified bacterially 
synthesized human GM-CSF indicates that despite the lack 
of glycosylation, the molecule is substantially in its native 
conformation. This molecule stimulated the same number 
and type of both seven- and 14-day human bone marrow 
colonies as the CSFa preparation from human placental 
conditioned medium. Human GM-CSF had no activity on 
murine bone marrow or murine leukemic cells. There was 


HE IDENTIFICATION of the cDNA clone for murine 

granulocyte-macrophage colony stimulating factor 
(mGM-CSF)' enabled the production of the biologically 
active polypeptide by COS cells’? and bacteria.2* The cDNA 
mGM-CSF also led to the isolation of full-length cDNAs for 
human GM-CSF* (hGM-CSF) and confirmed the identity 
of the human CSF cloned from a COS cell expression 
library. The hGM-CSF expressed by COS cells’* appears 
to encode all of the in vitro biological activities associated 
with CSFa'® prepared from human placental conditioned 
medium!’ and conditioned medium from the U5637 cell 
line’? The COS cell-derived hGM-CSF stimulated the 
proliferation and differentiation of granulocyte, macro- 
phage, and eosinophil progenitor cells®? as well as the 
function of neutrophils.'? Thus, the simian-derived carbohy- 
drate moiety does not appear to alter the cellular specificity 
of the hGM-CSF.*” However, it is possible that a hGM-CSF 
polypeptide with a simian, hamster, or yeast carbohydrate 
moiety will be antigenic in vivo or that the different carbohy- 
drate moiety will influence the in vivo distribution of the 
GM-CSF. We have produced hGM-CSF in bacteria and 
purified the polypeptide without any attached carbohydrate. 
These studies define the conditions necessary for the prepa- 
ration and purification of bacterially synthesized hGM-CSF, 
the specific activity of the molecule, and its activities on 
progenitor as well as mature cells. In part, these results 
emphasize the continuing need to understand the interac- 
tions between subsets of human bone marrow cells.'>!4 


MATERIALS AND METHODS 


Preparation and Purification of Bacterially Synthesized 
Human GM-CSF 


hGM-CSF cDNA was isolated from a library constructed using 
mRNA from the human monocytic cell line U937 by screening 
candidate clones with a nick-translated probe derived from the 
coding sequences of mGM-CSF.’ The deduced amino acid sequence 
of the U937 hGM-CSF was identical to hGM-CSF produced by the 
leukemic cell line Mo(6) with the exception of the conservative 
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no detectable, direct stimulation of adult human erythroid 
burst forming units (BFU-E) by the bacterially synthesized 
human GM-CSF. Although impure preparations containing 
native human GM-CSF (eg. human placental conditioned 
medium) stimulated the formation of mixed colonies, even 
in the presence of erythropoietin, the bacterially synthe- 
sized human GM-CSF failed to stimulate the formation of 
mixed colonies from adult human bone marrow celis, The 
bacterially synthesized human GM-CSF increased N- 
formyl-methionyl-leucyl-phenylalanine {(FMLP)-induced 
superoxide production and lysozyme secretion. Antibody- 
dependent cytotoxicity and phagocytosis by human neu- 
trophils was stimulated by the bacterially synthesized 
human GM-CSF and eosinophils were also activated in the 
antibody-dependent cytotoxicity assay. 

e 1986 by Grune & Stratton, Inc. 


substitutions of a methionine by an isoleucine (amino acid 80 of the 
mature protein) and a threonine by an isoleucine (amino acid 100 of 
the mature protein). The amino acid for residue 100 of the mature 
protein deduced from a genomic clone was also isoleucine. ® These 
differences between cDNAs and the genomic sequences may repre- 
sent allelic variations. Sequences coding for the mature hGM-CSF 
protein were placed in an Escherichia coli vector behind an inducible 
promotor as previously described for the mGM-CSF gene.’ The 
construction took advantage of the unique restriction endonuclease 
site (Hga 1) located 58 nucleotides before the codon for the first 
amino acid of the mature protein (alanine). An oligonucleotide 
linker was synthesized to replace the deleted codons with the 
addition of an amino-terminal methionine codon to initiate transla- 
tion in the prokaryote host. This linker contained substitutions of 
adenosine wherever retention of the native amino acid allowed.’ The 
noncoding 3’ distal end of the cDNA was cleaved at the unique Bal 1 
restriction endonuclease site and ligated to a similarly blunt-ended 
site (Smal) in the expression vector. Once introduced into a suitable 
E. coli host (LON-, HPTR-) the induction of hGM-CSF production 
was initiated by temperature shift (28°C to 48 °C). hGM-CSF 
accumulated over four hours to 8% to 10% of the total cell protein. 
Bacteria were harvested and GM-CSF extracted essentially as 
described for mGM-CSF? In induced cells hGM-CSF accumulated 
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in dense bodies which were collected by centrifugation following 
breakage of the cells. After washing the pellet was resuspended in 6 
mol/L guanidinium hydrochloride and 2 mmol/L 8-mercaptoetha- 
nol and chromatographed over G-100 Sephadex in the same buffer. 
The highly purified hGM-CSF fractions were collected and the 
denaturant and reductant removed by slow dialysis against neutral 
Tris buffer. The final purification step was gradient elution from a 
reverse-phase support at pH 2.1 on an Ultrapore RPSC column 
(4.6 x 7.5 cm) from Beckman, Santa Clara, CA.” The final purity 
of the hGM-CSF was assessed by sodium dodecyl sulfate (SDS) gel 
electrophoresis'* and automated gas phase amino acid sequence 
analysis.’ The protein concentration for the specific activity calcu- 
lation was determined by amino acid analysis.” 


Assays on Bacterially Synthesized Human GM-CSF 


The purified hGM-CSF preparation (approximately 0.3 mg/mL 
in acetonitrile [30%]: trifluoroacetic acid [0.1%]: water [70%]) was 
diluted 1:100 in 10% normal saline containing fetal calf serum 
(FCS) (10%, vol/vol) and 0.1 mL of the diluted sample (or serial 
dilutions thereof) was assayed in the l-mL semisolid bone marrow 
cultures. 

Human marrow cultures. Marrow and peripheral blood sam- 
ples were obtained with the prior informed consent of patients 
according to a protocol approved by the Ethics Committee of the 
Royal Melbourne Hospital. Light density (p 1.070 g/cc) or nonad- 
herent light density bone marrow cells (30,000) from patients with 
no hematological disease were cultured in 35-mm Petri dishes using 
| mL of Dulbecco’s Modified Eagle’s Medium and a final concentra- 
tion of 20% FCS and 0.3% agar.” Cultures were incubated for up to 
14 days at 37 °C ina fully humidified atmosphere of 10% CO, in air. 
For erythroid colony formation, I-mL cultures containing 30,000 
light density (<1.070 g/cc) mononuclear or nonadherent mononu- 
clear bone marrow cells in Iscove’s Modified Dulbecco’s Medium 
and a final concentration of 25% FCS and 0.3% agar were estab- 
lished. Cultures were incubated for 14 days in a fully humidified 
atmosphere of 5% CO, in air. 

Colony formation (clones of more than 40 cells) was scored at 35 x 
magnifications using a dissection microscope after seven or 14 days 
of incubation. To determine the cellular composition of the resulting 
colonies, intact cultures were fixed using 2.5% glutaraldehyde and 
methanol and, after drying, were stained with Luxol Fast-Blue/ 
hematoxylin. Colony classification was performed at 400x magnifi- 
cations. 

Units of colony stimulating activity were calculated from the 
linear portion of the dose-response curve assigning 50 U/mL to the 
concentration stimulating the formation of 50% maximal colony 
numbers. 

The human placental conditioned medium (HPCM) Stage H used 
in these experiments was prepared as described previously.'"° The 
semipurified CSFa and 8 fractions were obtained using phenyl- 
Sepharose chromatography of medium conditioned by the human 
bladder cancer cell line U5637, using methods described previous- 
ly.” 

Murine assays. Serial dilutions of bacterially synthesized hGM- 
CSF samples (0.1 mL) were added to agar cultures of 75,000 C57BL 
adult marrow cells in FCS (20%) or 20,000 12-day CBA fetal liver 
cells in cultures containing human plasma (20%). Control cultures 
contained 400 units of purified mGM-CSF," Multi-CSF,” G- 
CSF, M-CSF.” or saline. Colony formation was scored after seven 
days of incubation. To determine whether bacterially synthesized 
hGM-CSF could initiate but not sustain colony formation by murine 
hematopoietic cells, 400 units of Multi-CSF were added after two 
days of incubation to replicate cultures of fetal liver cells and the 
cultures scored after a total incubation period of seven days. After 
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scoring, cultures were stained with Luxol Fast-Blue/hematoxylin 
and colonies classified according to cellular composition. 

Microwell assays using the continuous hematopoietic cell lines 
32D cl.3** (kindly supplied by Dr J. Greenberger, Boston) and 
FDC-P1” (kindly supplied by Dr T.M. Dexter, Manchester, 
England) were performed in microtiter trays using 200 cells per well 
in 10 uL of Dulbecco’s Modified Eagle’s Medium with FCS (10%, 
vol/vol). Serial dilutions of 5 uL cf each test sample were added and 
direct cell counts performed after 48 hours of incubation. 

To determine whether bacterially synthesized hGM-CSF was 
able to induce the differentiation of WEHI-3B(D*) cells,” serial 
dilutions of the hGM-CSF samples (0.1 mL) were added to agar 
cultures of 300 WEHI-3B(D*) cells. The percentage of colonies 
exhibiting differentiation was determined after seven days of incuba- 
tion.” Control cultures contained 0.1 mL of serial dilutions of either 
serum from C57BL mice injected three hours previously with 5 ug 
endotoxin” or semipurified human CSF¢.° 


Functional Activation of Mature Cells 


Purification of human neutrophils aad eosinophils. These cells 
were obtained from the peripheral blood of healthy volunteers after 
dextran sedimentation and centrifugation on a hypertonic gradient 
of Metrizamide (Nyegaard, Oslo) as previously described.” The 
purity was higher than 95% for neutrophils and higher than 92% for 
eosinophils. The cells were resuspended in Eagle’s Minimal Essential 
Medium supplemented with 10% FCS, 20 mmol/L HEPES buffer, 
and antibiotics. 

Antibody-dependent cell mediated cytotoxicity assay. ADCC 
was performed as previously described.” In brief, 40 uL of *'Cr- 
labeled, trinitrophenyl (TNP)-coupled P815 cells (4 x 10°) were 
incubated with 24 uL of rabbit IgG anti- TNP (Rehovot, Israel), 80 
uL of purified human neutrophils or eosinophils (1.3 x 10°) as 
effector cells, and 16 uL of bacterially synthesized hGM-CSF for 
two and one half hours at 37°C in V-bottom microtitre plates. 
Percent cytotoxicity was calculated from the formula: (test — 
control/total — control) x 100, where “control” was the "Cr 
released by P815 cells in the presence of medium alone, and “total” 
was the *'Cr released by the addition of 5% Triton X-100. 

Superoxide production. Purified neutrophils were incubated 
with medium or different concentrations of bacterially synthesized 
hGM-CSF for two hours at 37 °C. After this, 150 uL of cells (10°) 
were mixed with 100 uL freshly prepared cytochrome-C (Sigma, St 
Louis, type VI, 12.4 mg/mL), 100 uL N-formyl-methionyl-leucyl- 
phenylalanine (FMLP) (107° mol/L) and made-up to | mL with 
medium. The mixtures were then incubated at 37°C for five 
minutes, after which the cells were rapidly cooled, centrifuged at 
4 °C, and the supernatants transferred to plastic disposable cuvettes. 
Superoxide production was measured by the reduction of cyto- 
chrome-C using an extinction coefficient of 21.1 mmoi/L~'.** 

The medium used throughout these assays was RPMI (free of 
phenol red) containing 2% FCS. in control experiments, bacterially 
synthesized hGM-CSF did not reduce cytochrome-C in the absence 
of cells, and superoxide dismutase (Sigma) completely abolished the 
reduction of cytochrome-C. The results are expressed as the means 
of triplicate determinations +1 standard deviation. 

Phagocytosis assay. This assay measured the phagocytosis of 
serum-opsonized baker’s yeast and was performed as described.’ In 
brief, 100 uL purified neutrophils (2 x 10’/mL) were incubated 
with 250 uL baker's yeast, 100 gL diluted fresh autologous serum 
and 50 pL bacterially synthesized hGM-CSF or medium with FCS 
for one hour at 37 °C. After this, the cells were centrifuged at 4 °C, 
resuspended in 50 uL of cold PBS and smeared onto a slide. When 
eosinophils were tested, this assay was scaled down because of the 
relatively low numbers of eosinophils routinely obtained. The vol- 
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umes were 20 uL of cells (10’/mL), 50 uL of baker’s yeast, 20 yL of 
freshly obtained human serum and 10 uL of bacterially synthesized 
hGM-CSF or medium. After incubation, cytocentrifuge prepara- 
tions were made. Slides were fixed in methanol and stained with 
Giemsa before being examined for the number of cells showing 
different numbers of phagocytosed yeast. The data are expressed as 
percentages after counting a minimum of 200 cells per slide. 

Degranulation assay. This was carried out as previously 
described.” Briefly, purified neutrophils (5 x 10°/mL) pretreated 
with cytochalasin-B (Sigma) were incubated with different stimuli 
for 15 minutes at 37 °C. To these mixtures different concentrations 
of FMLP (Sigma) were added and the cells incubated a further 30 
minutes at 37 °C. After incubation the cells were centrifuged and the 
released lysozyme assayed against Micrococcus lysodeikticus (Sig- 
ma). The optical density at 450 nm was measured at ten-second 
intervals for three minutes. Triplicate determinations (every ten 
seconds) were made and the amount of lysozyme released was 
calculated from a standard curve generated by egg white lysozyme 
(Sigma). Maximum values were obtained by using supernatants 
from neutrophils lysed with Triton X-100. 


RESULTS AND DISCUSSION 


Induction and Purification of Bacterially Synthesized 
Human GM-CSF 


Recombinant hGM-CSF was produced in Æ. coli under 
the regulation of a heat-inducible promoter. After GM-CSF 
synthesis was induced by raising the culture temperature, the 
protein accumulated in aggregates as dense bodies within the 
cells. Following weakening of the cell walls by lysozyme 
treatment, cells were disrupted in a French pressure cell. The 
aggregates were collected by centrifugation and resuspended 
in 6 mol/L urea. hGM-CSF was initially purified from the 
solution by chromatography over Sephadex G100. Aliquots 
(2 to 5 mL) of the low—molecular weight fraction from the 
gel filtration containing GM-CSF were diluted with an equal 
volume of aqueous trifluoroacetic acid (0.15%, vol/vol) and 
loaded onto a reversed-phase Ultrapore RPSC column equil- 
ibrated with aqueous trifluoroacetic acid (0.15%, vol/vol). 
Several proteins were eluted from the column (Fig 1), but the 
earliest eluting material was not associated with biological 
activity. SDS-polyacrylamide gel analysis of the column 
fractions (Fig 2) indicated that the 16,000-dalton protein 
associated with the biologic activity was pure. Amino acid 
sequence analysis of 200 pmoles of the purified hGM-CSF 
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Fig 1. Reversed phase high-performance liquid chromatogra- 
phy purification of bacterially synthesized human GM-CSF. 
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Fig 2. Electrophoretic analysis of purified bacterially synthe- 
sized human GM-CSF. 


yielded a single amino acid at each cycle; the first residue 
detected was methionine, and the next 16 cycles yielded the 
sequence expected from the nucleotide sequence.’ Thus, this 
product is different from the natural molecule in that not 
only is the carbohydrate moiety missing, but there is also an 
N-terminal methionine which is not removed during synthe- 
sis. The results of the quantitative amino acid analysis of the 
purified bacterially synthesized hGM-CSF were in excellent 
agreement with the composition predicted from the nucleo- 
tide sequence. The optical density at pH 2.1 in the presence 
of acetonitrile (30%, vol/vol), together with the amino acid 
analysis yielded a molar extinction coefficient of 2 x 10* 
moles’ cm™'. Attempts to determine a precise specific 
activity for the purified bacterially synthesized hGM-CSF 
are complicated by the wide variation in sensitivity of 
different bone marrow samples and variations in the fre- 
quency of colony-forming cells for different human bone 
marrow samples. The standard assays were performed using 
between 30,000 and 50,000 bone marrow cells per milliliter. 
Eight separate bone marrows stimulated by the purified 
bacterially synthesized hGM-CSF yielded an average spe- 
cific activity of 2.9 + 1.9 x 10’ U/mg of protein after seven 
days in culture. The same four samples yielded a specific 
activity of 2.9 + 0.7 x 10’ U/mg of protein after 14 days in 
culture. The ratio of day-7 to day-14 colonies was dependent 
on the bone marrow sample and varied from 0.3 to 1.6. In 
general, impure samples of hGM-CSF (eg, human placental 
conditioned medium or bladder carcinoma conditioned 
medium) contained a mixture of both hGM-CSF (CSFa) 
and hGM-CSF (CSF8). The CSF§ preparation preferen- 
tially stimulates colony formation at day 7; thus, the ratio of 
the number of colonies at day 7 to day 14 (approximately 
three) tends to be considerably higher than for GM-CSF and 
the CSFa preparation. Similarly, a mixture of the bacterially 
synthesized GM-CSF and the CSF@ preparation generally 
stimulates more day-7 colonies than either stimulus by itself. 
Each molecule preferentially stimulates a defined subset of 
GM-progenitor cells. After 14 days in culture the bacterially 
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synthesized hGM-CSF stimulated as many colonies as prep- 
arations of CSFa'® from human placental conditioned 
media. '! 

Our method of preparation and purification indicates that 
the bacterially synthesized hGM-CSF is stable in 6 mol/L 
urea, as well as at pH 2.1 in the presence of 40% acetonitrile. 
Indeed, at low pH the bacterially synthesized hGM-CSF 
appears to retain its full biologic activity indefinitely. How- 
ever, initial attempts to store this hGM-CSF at neutral pH in 
the absence of urea have led to precipitation of the mole- 
cule. 


Concentration Dependence of Colony Formation 


The purified hGM-CSF was titrated and assayed on eight 
separate bone marrow aspirates: both the seven-day (Fig 
3A) and 14-day (Fig 3 B) cultures indicated that maximal 
stimulation of colony formation was achieved at concentra- 
tions of 500 pmol/L or greater. Half-maximal stimulation 
occurred between 60 pmol/L and 120 pmol/L and the 
minimum detectable hGM-CSF concentration using the 
semisolid agar assay was 10 pmol/L for both time points. 

The direct action of bacterially synthesized hG M-CSF on 
human colony forming cells was examined by transfer of 
day-5 clones to plates containing the bacterially synthesized 
hGM-CSF, human placental conditioned medium, or saline 
(Fig 4). The bacterially synthesized hGM-CSF continued to 
stimulate colony growth and GM-CSF is undoubtedly one of 
the active hematopoietic growth factors in the HPCM. 


Morphology of Colonies 


In two separate experiments, the types of colonies stimu- 
lated by the bacterially synthesized hGM-CSF have been 
compared to the colony types obtained with unfractionated 
HPCM, CSFa, and CSF (Table 1). The bacterially synthe- 
sized hGM-CSF stimulated pure neutrophil (G), macro- 
phage (M) and eosinophil (Eo) colonies as well as mixed 
granulocyte-macrophage colonies. At day 7 all preparations 
of CSF stimulated mainly granulocytic colonies. However, 
the bacterially synthesized hGM-CSF and CSFa also stimu- 
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Fig 3. Effect of GM-CSF on colony growth for eight normal 
human bone marrow samples. (A) Day 7; (B) Day 14. The results 
are presented as the mean and standard deviations. The results of 
assays with optimal concentrations of CSFa and CSF prepared 
from human placental conditioned medium are also displayed. 
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Fig 4. Growth of colonies after transfer of Day 5 human bone 
marrow colonies to recipient plates with either bacterially synthe- 
sized hGM-CSF, human placental conditioned medium (HPCM), or 
saline. The solid circles represent colonies composed of neutro- 
phils, macrophages, or both, and the open circles represent the 
eosinophil colonies. 


lated a small proportion of Eo colonies. As expected, for both 
HPCM and CSFa the proportions of pure M and pure Eo 
colonies were increased at 14 days. Thus, the bacterially 
synthesized hGM-CSF stimulated a similar range of colonies 
to the CSFa. 

The bacterially synthesized hGM-CSF was used in an 
attempt to stimulate the hematopoietic progenitor cells in 
murine bone marrow. Even at a concentration cf 2 nmol/L 
no colonies or clusters were observed after seven days in 
culture. The hGM-CSF did not enhance the survival of 
multi-CSF—responsive progenitor cells in the delayed addi- 
tion assay. Similarly, there was no effect of this hGM-CSF 
on several murine cell lines which were known to respond to 
murine hematopoietic growth factors: WEHI-3BD* (G- 
CSF-responsive) did not differentiate in response to hGM- 
CSF, FDCP! (GM-CSF-~ or Multi-CSF—dependent) and 
32D cells (Multi-CSF-—dependent) did not proliferate in the 
presence of hGM-CSF (data not shown). 


Effect of Bacterially Synthesized Human GM-CSF on 
Erythroid Progenitor Cells 


The colony types stimulated by human tissue—derived 
conditioned media (eg, human placental conditioned 
medium, [HPCM]) have been studied extensively using a 
range of partially purified hematopoietic progenitor cells °°” 
Studies by Sieff et al with a hGM-CSF partially purified 
from transfected COS cell conditioned medium indicated 
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Table 1. Morphology of Human Bone Marrow Colonies Stimulated by Bacterially Synthesized hGM-CSF 


incubation Experiment 


Time Number Stimulus 


Saline 

HPCM 

hGM-CSF (recombinant) 
CSFa 

CSFB 

2 Saline 

HPCM 

hGM-CSF (recombinant) 
CSFa 

CSFg 

Saline 

HPCM 

hGM-CSF (recombinant) 
CSFa 

CSF 

2 Saline 

HPCM 

hGM-CSF {recombinant} 
CSFa 

CSFE 


7 days 1 


14 days 7] 





RAMANA RRA CHALLIS a Net 


cay o Colony Type (96) 
Colonies * G GM M Eos 
o _ eae axe Bate 
275 84 0 16 0 
230 83 0 11 § 
232 83 0 17 G 
278 82 0 18 0 
O a ares cae ao 
146 64 2 34 Q 
98 58 3 36 3 
98 56 8 32 å 
149 64 5 31 GO 
0 ae a ess hoes 
98 42 6 39 13 
95 40 3 42 15 
93 52 1 38 9 
31 72 0 28 G 
3 0 0 100 0 
87 31 13 50 6 
89 23 12 52 13 
85 24 13 Ag 14 
30 67 12 21 Q 





agar cultures were fixed and stained and the colonies analyzed to determine the proportion of G, neutrophil; M, macrophage; GM, neutrophil-macrophage 


and EOS, eosinophil colonies. 


some potentiating effect of the GM-CSF on BFU-E prolifer- 
ation.** Similarly, their results with highly purified fetal 
BFU-E suggested that pure hGM-CSF stimulates the prolif- 
eration and differentiation of these cells. However, the initial 
results with purified mGM-CSF on murine fetal liver pro- 
genitor cells” indicated that only a subset of the fetal BFU-E 
appeared to be responsive to GM-CSF and the proportion of 
adult BFU-E responsive to GM-CSF appears to be quite 
small. 

In a report of experiments with the COS cell-derived 
recombinant hGM-CSF and human fetal progenitor cells, 
it was noted that even though the BFU-E represented 30% of 
the cell population when the culture cell density was below 
100 cells/mL no colonies developed in the presence of 
GM-CSF. It is possible that the GM-CSF stimulated acces- 
sory cells to produce BFU-E stimulating factors. Initially, we 
attempted to detect the effect of the bacterially synthesized 
GM-CSF on BFU-E in mononuclear and nonadherent mono- 
nuclear cells from human bone marrow cells (Tables 2 and 
3). 

The light density mononuclear cells from human bone 
marrow did not produce erythroid colonies in the absence of 
erythropoietin (Table 2). In the presence of erythropoietin, 
erythroid colonies developed. Addition of a source of CSF 
(HPCM) did not change the frequency of erythroid colonies. 
However, the neutrophil-, eosinophil-, and macrophage- 
containing colonies appeared as expected. Identical effects 
were observed with the bacterially synthesized human GM- 
CSF (at both 2.5 nmol/L and 50 nmol/L). When the 
addition of erythropoietin was delayed for three to four days, 
there was a slight decrease in erythroid colony numbers but 
neither HPCM nor the bacterially synthesized hGM-CSF 
influenced the survival of these erythroid progenitors. 


Table 2. No Effect of Bacterially Synthesized hGM-CSF on 
Erythroid Colony Formation From Mononuclear 
Human Bone Marrow Cells 





Siete eres) 


Number of Coloniest 





ennan 


Day of Epot Pure Mixed Nore 





Stimulus * Addition Erythroid Erythroid erythroid 
wee ~— 9 0 0 
— 0 24 +5 g 183 
HPCM 0 25 + 2 0 98 +5 
HPCM — 0 9 110 43 
hGM-CSF (2.5 nmol/L) meee Q 0 Ti+ 12 
hGM-CSF (2.5 nmol/L) (8; 20 +8 6 102 + 4 
hGM-CSF (50 nmol/L) _ 0 Q 124+ 171 
hGM-CSF (50 nmol/L) 0 13+5 GO 104 + 11 
— 3 17+6 0 16 +8 
— 4 1345 0 iF +4 
HPCM 3 16+ 1 0 117 +5 
HPCM 4 15 +6 0 121 + 13 
hGM-CSF (2.5 nmol/L) 3 2i tB Q G7 +9 
hGM-CSF (2.5 nmol/L) 4 2124 Q 65 + 10 
hGM-CSF (50 nmol/L} 3 1432 0 99 +9 
hGM-CSF (50 nmol/L} 4 122+ 7 0 104 4 15 


AAAA RAA AAAA ole ad 





—, Epo not added. 

*The stimulus HPCM (0.1 mi) or the diluted, purified bacterially 
synthesized hGM-CSF (0.1 mL) was added at the start of the 14-day 
cultures of 3 x 10° light density bone marrow cells in the standard soft 
agar assay.”' 

¢Partiaily purified erythropoietin (Epo) was added to a final concentra- 
tion of 1.5 U/mL either at the start of the cultures (day O) or at three or 
four days after initiating the assay. 

tFor ali assays three replicate plates were scored after 14 days. The 
table entries represent the mean + SD. 
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Table 3. No Effect of Bacterialiy Synthesized hGM-CSF on 
Erythroid Colony Formation from Nonadherent 
Mononuclear Human Bone Marrow Celis* 


Number of Colonies 
Day of Epo Pure Mixed Non- 

Stimulus Addition Erythroid Erythroid erythroid 
— — 0 Q i4 +2 
— 0 38 +4 0 13 + 3 
HPCM 0 62+4 121 140+11 
HPCM — 0 0 151} = 10 
hGM-CSF (2.5 nmol/L} — 0 0 97 +6 
hGM-CSF (2.5 nmol/L) 0 22+ 1 O 97 +1 
hGM-CSF (50 nmoi/L) — 0 0 227+6 
hGM-CSF (50 nmol/L} 0 26 + 1 0 217 +5 
— 3 12 +1 0 20 +6 
— 4 8+2 0 1747 
HPCM 3 3147 1241 95 +2 
HPCM 4 31+5 0 90 +3 
hGM-CSF (2.5 nmol/L) 3 11 +2 O 104 +6 
hGM-CSF (2.5 nmol/L) 4 9+2 0 105 +6 
hGM-CSF (50 nmol/L} 3 16 + 1 0 191+2 
hGM-CSF (50 nmol/L) 4 4+1 0 206 + 11 


*See footnote to Table 2 for technical details of these experiments. 


After removing the adherent cells, HPCM but not the 
bacterially synthesized hGM-CSF increased the cloning 
efficiency of the erythroid progenitor cells (Table 3). When 
the adherent cells are removed, a subset of the erythroid 
progenitors appears to be stimulated by HPCM. Even when 
the erythropoietin is added three or four days after the 
initiation of the cultures with HPCM this synergistic effect 
of HPCM can be observed (Table 3). Again, approximately 
half the erythroid colonies appear to be stimulated by a 
molecule present in human placental conditioned medium. It 
is unlikely that GM-CSF is related to this phenomenon, as 
the bacterially synthesized hGM-CSF did not modulate the 
number of 14-day erythroid colonies. 

When both erythropoietin and hGM-CSF were present, 
their effects appeared to be independent. No extra erythroid 
colonies were observed compared to the cultures stimulated 
with erythropoietin alone. In contrast, unfractionated 
HPCM consistently increased (two- to fourfold) the number 
of erythroid colonies developing from the nonadherent light 
density mononuclear bone marrow cells. Mixed erythroid 
colonies*! were only observed in the presence of the unfrac- 
tionated HPCM. Neither the bacterially synthesized GM- 
CSF, the erythropoietin, nor the mixture of both were able to 
stimulate human mixed colonies. At concentrations greater 
than 500 pmol/L, the bacterially synthesized GM-CSF 
stimulated the same range of nonerythroid colonies as the 
optimum concentration of human placental conditioned 
medium. 

The lack of erythroid (BFU-E) potentiation by hGM-CSF 
could be due to the presence of accessory cells which suppress 
the GM-CSF-responsive BFU-E. However, the previously 
reported effects of GM-CSF may also be indirect (ie, via a 
GM-CSF-responsive cell which produces an erythroid fac- 
tor). Understanding the interactions between the different 
cells controlling human erythropoiesis will require a detailed 
analysis of the proliferation of single cells and subsequent 
cell-mixing experiments. 
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Action of Bacterially Synthesized aGM-CSF on Mature 
Hematopoietic Cells 


As well as stimulating the proliferation of the myeloid 
progenitor cells, the hGM-CSF purified from the Mo cell 
line is able to stimulate some of the functions of mature 
neutrophils®®? and eosinophils. We have measured the 
effect of the bacterially synthesized GM-CSF on four 
parameters of granulocyte function: superoxide (O,°) 
production,” phagocytosis,’ lysozyme secretion,” and anti- 
body-dependent cell-mediated cytotoxicity.” At concentra- 
tions of hGM-CSF above 10 pmol/L both purified neutro- 
phils and eosinophils were stimulated maximally to kill 
tumor target cells, and stimulation of killing was still detect- 
able at | pmol/L (Fig 5). The concentration dependence of 
neutrophil and eosinophil activation was very similar (Fig 5). 
A similar concentration-dependent effect on neutrophil func- 
tion was obtained by Weisbart et alë for the inhibition of 
neutrophil migration using either recombinant hGM-CSF 
produced by transfected monkey COS cells or the hGM-CSF 
purified from the Mo cell line. Thus, our results show that 
hGM-CSF does not require carbohydrate moieties for its 
action in vitro. 

COS cell-derived hGM-CSF has been previously found to 
stimulate phagocytosis.’ A comparison of the effects of E. 
coli-synthesized hGM-CSF on neutrophil phagocytosis of 
yeast organisms in the presence or absence of serum is 
displayed in Fig 6. In the presence of fresh human serum, the 
bacterially synthesized hGM-CSF (4 nmol/L) activated 
large numbers of neutrophils to phagocytose several yeast 
particles (Fig 6). Heating of human serum for 30 minutes at 
56 °C abrogated the GM-CSF stimulation of neutrophils to 
phagocytose heat-killed yeast (data not shown), suggesting 
that complement is the opsonic factor present in human 
serum, and that the stimulation by hGM-CSF is dependent 
on the presence of this opsonin. There was a 50% increase in 
the number of neutrophils which phagocytosed the heat- 
killed yeast (Fig 6). 

The response of neutrophils to bacterial products also 
appears to be stimulated by hGM-CSF. The secretion of 
lysozyme by neutrophils was dependent on the presence of 
chemotactic agents (Table 4). In the absence of a chemotac- 
tic peptide such as FMLP,“ there was no activation of 
lysozyme secretion. However, preincubation of neutrophils 
with the bacterially synthesized hGM-CSF enhanced the 
FMLP-induced release of lysozyme from purified neutro- 
phils by 60% (Table 4). At low concentrations of the 
chemotactic peptide (107% mol/L) the hGM-CSF was more 
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Fig5. Effect of GM-CSF concentration on the ability of human 
neutrophils or eosinophils to kill antibody-coated P815 mastocy- 
toma cells. 
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Fig 6. Effect of GM-CSF (4 nmol/L) on the ability of human 
neutrophils to phagocytose yeast. 


effective than lipopolysaccharide.” Bacterially synthesized 
hGM-CSF also enhanced FMLP-mediated stimulation of 
superoxide production by human neutrophils (Fig 7). In the 
absence of hGM-CSF and FMLP, superoxide production by 
human neutrophils was not detectable. The chemotactic 
peptide by itself induced O,” production to 1.3 nmoles/ 
min/10° cells. In the absence of FMLP, hGM-CSF had little 
or no effect on O,” production (Fig 7). However, preincuba- 
tion of neutrophils with GM-CSF followed by FMLP 
increased the amount of O,~ production sevenfold over the 
level induced by FMLP alone. The interaction between 
FMLP and GM-CSF was concentration dependent: the 
maximal rate of O,~ production was achieved at 200 pmol/ 
L, but the synergism was still evident when the hGM-CSF 
concentration was 10 pmol/L (Fig 7). 

Thus, GM-CSF is capable of enhancing at least three 
separate systems in human neutrophils: the release of both 
lysozyme and O,~ (upon stimulation with FMLP), phagocy- 
tosis of yeast (complement-mediated), and killing of tumor 
target cells (antibody-dependent).* In its ability to activate 
mature neutrophils, this bacterially-synthesized hGM-CSF 
behaves very similarly to the recombinant hGM-CSF pro- 
duced by transfected monkey COS cells (ref 9, and Lopez et 
al, in preparation). 

We have demonstrated the action of purified, bacterially 
synthesized hGM-CSF on a range of hematopoietic progeni- 
tor and mature cells. This GM-CSF has a specific activity in 
the same range as the recombinant GM-CSF purified from 
medium conditioned by Mo cells* or the medium from COS 
cells transfected with cDNA for hGM-CSF” (Table 5). 
Thus, neither the addition of the extra N-terminal methio- 
nine residue, nor the absence of carbohydrate appear to 
affect the in vitro activity of hGM-CSF. The detailed 
morphological distribution of the colonies stimulated by both 
the £. coli-synthesized and COS cell—stimulated hGM-CSF 


Table 4. Effect of Bacterially Synthesized hGM-CSF on 
Lysozyme Release by Neutrophils 





Lysozyme Secretion® Following Preincubation 





Depraadatne with hGM-CSF (pmol/L)+ 
Stimulus Nil 30 120 300 
Ni} O+ 1 0:0 0+0 O+1 
FMLP 107’ mol/L 27+4 35 +1 70 +2 66 + 5 
FMLP 1075 mol/L 106 +6 122 + 1 147 +8 150 +8 





*Lysozyme secretion expressed as the average U/mL/min/ 10° neutro- 
phils + SD (for three replicate cultures). 
tFinal concentration of bacterially synthesized hGM-CSF. 
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Fig 7. Enhancement by human GM-CSF of FMLP-induced 
superoxide production by human neutrophils. 


varies considerably and is dependent on the specific bone 
marrow being assayed. However, both forms stimulate pre- 
dominantly neutrophilic granulocyte colonies at day 7 (Table 
5), and by day 14 most of the colonies contain macrophages. 
There is a similar increase in the proportion of eosinophil 
colonies with both GM-CSFs by day 14 (Table 5). 

Our attempts to show the direct effects of hGM-CSF on 
erythroid progenitor cells (ie, BFU-E) have been unsuccess- 
ful. Despite the availability of a pure stimulus such as the 
bacterially synthesized hGM-CSF, the purity of our hemato- 
poietic progenitor cells has been insufficient to prove that the 
hGM-CSF acts directly on progenitors of the erythroid 
series. At least one study using COS cell—derived recombi- 


Table 5. Comparison of E. coli-Derived and 
COS Celi-Derived hGM-CSF 


hGM-CSF 
COS Cali-Derived 


eae A VARANA SAA PALADAS terete ental 





Property E. coli-Derived 





Apparent molecular 


weights 16,900 19 ,000~22.000 
Specific Activity (U/mg/ 

10* bone marrow 

cells) 1x 10’ 1x 10-5 x 10’ 
Morphology of myeloid (96) 964 

colonies 


Day 7 Day 14 Day 8 Day 14 








G 70 31 G 7O 8 
GM 4 8 GM 20 16 
M 24 47 M 5 51 
Eo 2 14 Eo 5 25 
BFU-E Responsiveness No effect {a) Stimulated 
“directly’’ 


(b) No effect 

{c} Inhibitory in the 
presence of 
erythroid poten- 
tiating activity 

G, Eo, and mono- 
cytes” 


Responsive mature celis G, Eo 





ta htt nae vipana 


Abbreviations: G, granulocytes; GM, granulocyte-macrophages: M, 
monocytes; Eo, eosinophils. 
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nant hGM-CSF also reported that there was no effect on 
BFU-E, although in the presence of erythroid potentiating 
activity and erythropoietin, the human GM-CSF appeared 
to inhibit BFU-E.“ Others appear to have shown effects of 
COS cell-derived hGM-CSF on highly purified BFU-E.” It 
will be necessary to study the effects of pure hGM-CSF on 
single BFU-E before we can be sure that the hGM-CSF has 
a direct effect on erythropoiesis. 

The availability of E. coli-synthesized hGM-CSF with 
essentially identical biologic properties to natural hGM-CSF 
will provide sufficient quantities of this molecule for clinical 
testing. The absence of any foreign carbohydrate moiety 
should reduce problems with immunologic neutralization 
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during clinical applications. The absence of carbohydrate 
side chains has allowed the development of monoclonal 
antibody reagents which can distinguish between the native 
hGM-CSF (as is present in human placental conditioned 
medium) and the bacterially synthesized GM-CSF. Thus, it 
will be possible to monitor the serum levels of the adminis- 
tered GM-CSF during patient treatment. The bacterially 
synthesized hGM-CSF should be suitable both for studies 
aimed at increasing the rate of recovery of myeloid cells after 
cytotaxis treatment and for attempts to activate neutrophils 
and/or eosinophils in patients with poor neutrophil function, 
eg, older patients, immunosuppressed patients or patients 
with chrom ` infections. 
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New Abnormalities in the Morphology, Cell Surface Receptors, and Electrolyte 
Metabolism of In(Lu) Erythrocytes 


By Mark M. Udden, Masato Umeda, Yukiko Hirano, and Donald M. Marcus 


The In(Lu) phenotype is inherited as an autosomal domi- 
nant trait and is characterized by suppression of the 
Lutheran, P,, i, and Au’ erythrocyte blood group antigens. 
We have developed a monoclonal antibody {L21} that 
strongly agglutinates all erythrocytes except In(Lu), and 
we have identified eight In(Lu) individuals among 42,000 
blood donors tested. Studies of two families confirmed the 
dominant mode of inheritance and revealed several new 
features of this phenotype. The erythrocytes of all five 
affected individuals from the two families exhibited dimin- 
ished hemagglutination by the lectin concanavalin A, 
although they reacted normally with several other lectins. 
The erythrocytes of two affected individuals in one family 
exhibited marked acanthocytosis. The erythrocytes of the 
proposita of the other family exhibited a mild degree of 


HE MAJOR ANTIGENS of the Lutheran blood group 
system are the codominant antigens Lu? and Lu®.'! Two 
rare Lu(a~b—) phenotypes have been described. One is 
inherited as an autosomal recessive trait; these erythrocytes 
contain no detectable Lu? or Lu® antigens and the expression 
of other blood group antigens is normal.’° The other 
Lu(a~—b—) phenotype, In(Lu), exhibits several exceptional 
features: it is inherited as an autosomal dominant, the 
expression of antigens from other blood group systems (P,, i, 
and Au‘) is suppressed, and weak expression of the Lu’ and 
Lu? antigens can be detected by adsorption and elution of 
anti-Lu* and anti-Lu® from erythrocytes.'*’ No information 
is available about the biochemical nature of the Lu? and Lu? 
antigenic determinants. 

Recently several monoclonal antibodies have been 
described that strongly agglutinate all erythrocytes except 
In(Lu) cells, which give weak or negative reactions; recessive 
Lu(a~b—) cells react normally. The H86 monoclonal anti- 
body (H86 mAb) described by Knowles et alë was elicited by 
immunization of mice with the human T cell leukemia line 
HSB-2, and A3D8 mAb was raised by immunization with 
Sezary T cells.”'® Both antibodies bind to most human blood 
mononuclear cells, and A3D8 immunoprecipitates 80-kD 
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poikilocytosis, but the cells of the other two affected 
individuals in this family had normal morphology. The 
osmotic fragility of fresh In(Lu) erythrocytes was normal, 
but after incubation for 24 hours at 37 °C in plasma the 
in(Lu) celis exhibited a marked increase in resistance to 
osmotic lysis. During the incubation period the erythro- 
cytes lost K* and their total cation content was diminished. 
These data indicate that in addition to the suppression of 
blood group antigens noted previously, the in{Lu) pheno- 
type includes a variety of morphological abnormalities and 
a defect in electrolyte metabolism. The use of L21 and 
similar monoclonal antibodies provides a more sensitive 
means of detecting In(Lu) erythrocytes than typing with 
human anti-Lu® antisera. 

ə 1987 by Grune & Stratton, inc. 


and 170-kD proteins from erythrocytes. In(Lu) erythrocytes 
contain only traces of immunoprecipitabie 80-kD protein but 
the 170-kD protein appears to be present in increased 
abundance.’® 

We have produced a monoclonal antibody (L21) that also 
reacts very weakly with In(Lu) cells and we have used this 
antibody to identify individuals with the In(Lu) phenotype. 
We describe here newly identified morphologic and func- 
tional abnormalities of In(Lu) erythrocytes. 


MATERIALS AND METHODS 


Erythrocytes. Fresh samples of venous blood were obtained in 
heparinized tubes and stored at 4 °C in Alsever’s solution. 

Antibodies and lectins. Monoclonal antibody L21 ([gG,, x) was 
produced by intravenous immunization of BALB/c mice with pooled 
umbilical cord red cells, and it was obtained in the same fusion that 
yielded five monoclonal antibodies against glycophorin A. Details of 
the fusion and cloning procedures were published previously.'' When 
tested against a large panel of erythrocytes in two blood group 
reference laboratories, Ortho Diagnostic Systems, Raritan, NJ, and 
Gamma Biologicals, Houston, TX, L21 strongly agglutinated all 
erythrocytes except those of In(Lu) phenotype. Monoclonal anti- 
body A3D8° was kindly provided by Drs M. Telen and B. Haynes, 
and H86° was a gift from Dr R. Knowles. Concanavalin A (Con A), 
Lens culinaris, Ricinus communis, and Arachis hypogeae were 
purchased from Vector Laboratories, Burlingame, CA, and E-Y 
Laboratories, San Mateo, CA. 

Immunological tests. Hemagglutination tests were performed 
by incubating 50 uL of serial twofold dilutions of monoclonal 
antibodies or lectins with 50 uL of a 1% erythrocyte suspension for 
one hour at room temperature in a 96-well microtiter plate (Dyna- 
tech Laboratories, Alexandria, VA). L21 was labeled with '”I by the 
iodogen procedure’? and the radiolabeled antibody was separated 
from free "I by gel filtration on a PD-16 column (Pharmacia Fine 
Chemicals. Piscataway, NJ). 

Binding of radiolabeled antibodies to erythrocytes. Erythro- 
cytes were washed three times with phosphate-buffered saline (150 
mmol/L NaCl, 20 mmol/L PO,, pH 7.4, PBS) and were suspended 
in PBS containing 10 mg/mL bovine serum albumin (1% BSA- 
PBS). 2 x 10° erythrocytes in 0.5 mL 1% BSA-PBS were incubated 
with | I-labeled L21 for one hour at room temperature with 
occasional shaking, washed three times with 1% BSA-PBS, and 
counted in a gamma counter (LKB, Bromma, Sweden). For the 
competitive binding assay, I-labeled L21 was mixed with varying 
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concentrations of A3D8 or H86 and the binding of '*I-labeled L 
clone to erythrocytes was measured. 

Erythrocyte morphology and osmotic fragility. Freshly drawn 
blood anticoagulated with EDTA was used for preparation of 
Wright's-stained peripheral blood films. Erythrocytes were prepared 
for scanning electron microscopy by washing three times with 150 
mmol/L NaCl containing 5 mmol/L Tris, pH 7.4, and then fixed in 
buffer containing 3% glutaraldehyde. The fixed erythrocytes were 
attached to polylysine hydrobromide—coated glass coverslips and 
then dehydrated by immersion in a series of acetone solutions 
increasing in concentration from 50% to 100% acetone. They were 
then critical point~dried from acetone and liquid CO,, sputter- 
coated with gold, and examined in a JEM 100C Teunscan electron 
microscope (JEOL, Peabody, MA) in the secondary electron imag- 
ing mode at 20 kilo-electron volts. Erythrocyte osmotic fragility was 
determined on fresh and incubated whole blood anticoagulated with 
heparin as described by Beutler.” Erythrocyte Na* and K* concen- 
trations were determined by atomic absorption spectroscopy in the 
emission mode using an atomic absorption spectrometer (Perkin- 
Elmer, Norwalk, CT). Measurements were made on fresh and 
incubated erythrocytes washed four times with isotonic MgCl, and 
then lysed in 0.1% LiCl. Other hematologic measurements, hemo- 
globin, WBC, and RBC counts were determined using a Baker 
Hematology Series 150 cell counter (Baker, Allentown, PA). 


RESULTS 


Expression of antigens and lectin receptors. Erythro- 
cytes of types Lu(a+b+), Lu(a—b+), Lu(a+b—) and 
Lu(a—~-b—) were agglutinated by L21 at dilutions of 1:6,000 
to 1:25,000. When the antibody, diluted 1:2,000, was used to 
test 42,000 blood donors, eight individuals were found whose 
red cells gave weak or negative reactions." Two In(Lu) 
donors and their relatives, family C and family S (Fig 1) 
were selected for further investigation. Erythrocytes from 11 
donors from the two families were tested for hemagglutina- 
tion by L21 and A3D8 (Table 1). Erythrocytes of the two 
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H 
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FAMILY S 


Fig 1. Pedigrees of two In{Lu) families. NT, not tested: Ø, ©, 
in(Lu): (3, O, normal; and @, @, deceased. 
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Table 1. Agglutination of Erythrocytes by Monoclonal Antibodias. 

















Family C L21* AJDR* 
l-2 20,480 (+ + +)ł 1.280 (4+ + +} 
ii-1 640 (+ +} 160 {+} 
H-2 640 (+) BO {4-} 
H-3 20,480 (4 + +} 640 (+ + +) 
H-1 640 (+) BO (+) 
it-2 20,480 (+ + +) 640 [4+ 4+ 4} 
il-3 20,480 {+ + +} 640 (+ +} 
Family S L21* A3D8t 
+1 25,600 (+ ++) 6,400 (+ + +) 
H-1 ND§ ND 
iH-2 25,600 (+ + +} 6,400 14 + +4) 
H-t ND ND 


MARINEN crs terrane amaie eM 





*The monoclonal antibodies were partially purified by precipitation. 
with ammoniurn sulfate. 

{Strength of hemagglutination was graded as follows: + + +, all cells: 
were agglutinated in large aggregates; + +, small aggregates: +, vary 
small aggregates. 

tAscites. 

§Hemagglutination was not detected. 


members of family S (H-1 and H-1) failed to react with 
both mAbs, and three members of family C (1-1, H-2 and 
IH-1) gave weak agglutination with L21 and A3D8. 

The direct binding of L21 to erythrocytes was measured 
by using radiolabeled L21 mAb. Erythrocytes from all five 
donors of the In(Lu) phenotype exhibited marked reduction 
of binding by L21 (21.1 + 6.5% of normal). Figure 2 shows 
typical binding curves obtained with erythrocytes from fam- 
ily C members. Two individuals with the In(Lu) phenotype 
(II-1 and H-2) showed marked reduction of binding com- 
pared to unaffected family members. Less suppression of 
binding (34% of normal) was observed with II-1 of family C 
(data not shown). The extent of the reduction in binding is 
consistent with the results obtained with the hemagglutina- 
tion assays shown in Table 1, and the data suggest incom- 
plete and variable suppression of the antigen by the In(Lu) 
gene. 

The In(Lu) gene also inhibits the expression of the P, and i 
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Fig 2. Binding of ‘I-labeled L21 monoclonal antibody to 
erythrocytes of the C family. The erythrocytes of the proposita, 
l-1, were not tested on this occasion. 
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Table 2. Agglutination of Erythrocytes by Concanavalin A 


Con A concentration (g/mL) 


62 31 16 8 4 2 


Family C 
l-2 +++ +++ +++ +++ + + - 
il-1 [In(Lu)] ++ + 4+ ++ + - = 
il-2 [in(Lu)] ++ ++ ++ + — - 
Il-3 ++ +44 +++ +++ ++ =- 
ill-1 [In(Lu)] ++ + + a - s n 
Ill-2 +++ +++ + + + t+ + ++ — 
Ill-3 +++ +++ +++ +++ -= — 

Family S 
l-1 +++ +++ +++ +44 - - 
Il-1 [In(Lu)] + + + + + + . _ 
I-71 [In(Lu)] + + + + + “ e? i: 
Hi-2 +++ +++ +++ + + — - 


antigens, which are known to be carbohydrate structures.'*'’ 


In order to study the effect of the In(Lu) gene on other 
carbohydrate structures, hemagglutination by several lectins 
was examined. All five In(Lu) members of both families 
exhibited reduced hemagglutination by concanavalin A (Ta- 
ble 2). Hemagglutination by other lectins (Lens culinaris, 
Ricinus communis, and Arachis hypogeae), was normal 
(data not shown). 

Erythrocyte morphology. In family S the In(Lu) pheno- 
type was associated with acanthocytic erythrocytes as shown 
in Fig 3. The Wright’s-stained peripheral blood films of 
In(Lu) individuals II-1 and HI-1 (Figures 3A, 3C) show 
numerous acanthocytes whereas the unaffected family mem- 
bers had the expected discocyte morphology of normal 
erythrocytes. The In(Lu) individuals had other poikilocytes, 
but there were no Howell-Jolly bodies, targets, or siderocytes 
present to suggest an asplenic blood picture. Acanthocytes 
and other bizarre erythrocyte shapes were also observed 
when In(Lu) cells were washed free of plasma, fixed with 
glutaraldehyde and then viewed by scanning electron micros- 
copy (Fig 4). The erythrocyte morphology of the members of 
family C was normal except for the proposita, whose cells 
demonstrated a mild degree of poikilocytosis and the pres- 
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ence of an occasional acanthocyte. Other common hemato- 
logic tests, including reticulocyte count, white blood cell 
count, packed cell volume, hemoglobulin, red cell count, and 
the derived red blood cell indices were within normal limits in 
two In(Lu) individuals (family C, IH-1 and family S, H-1). 
The absence of anemia and reticulocytosis suggests that the 
In(Lu) phenotype is not associated with significant hemoly- 
sis. The In(Lu) propositi are healthy and have no past history 
or physical findings suggestive of significant illness. There 
was no clinical or laboratory evidence of renal, liver, or 
thyroid disease or abetalipoproteinemia. 

Erythrocyte cations. Although the osmotic fragility of 
fresh In(Lu) erythrocytes was normal, incubation of these 
cells for 24 hours at 37 °C in plasma resulted in a significant 
resistance to osmotic lysis, in contrast to normal erythrocytes 
whose osmotic fragility increased after incubation in plasma. 
This striking difference in osmotic fragility is demonstrated 
in Fig 5, which compares the osmotic fragility curves of fresh 
and incubated red cells for an affected and a normal member 
of family S. Increased resistance to osmotic lysis was also 
observed when erythrocytes from the proposita of family C 
were incubated. Storage of In(Lu) erythrocytes for several 
hours at 4 °C did not affect these results. 

Because resistance to osmotic lysis can occur as a conse- 
quence of cation depletion and cellular dehydration, the Na’ 
and K* contents of fresh and incubated In(Lu) erythrocytes 
were determined (Table 3). Although In(Lu) and control 
cells had similar Na* and K* concentrations before incuba- 
tion, significant K* loss occurred during incubation of 
In({Lu) cells that was not seen in the controls. The K* loss 
during incubation of erythrocytes from the family C propos- 
ita was partially offset by a gain in intracellular Na*. The 
total cation content of the two In(Lu) individuals was 
decreased, however, and may account for their relative 
resistance to osmotic lysis. 


DISCUSSION 


By use of a dilution of L21 mAb that strongly agglutinated 
normal erythrocytes and gave a weak or negative reaction 





Rgs Fig 3. Photomicrographs (original magnifica- 


tion x 1000) of Wright's-stained peripheral blood 
from family S. Acanthocytes are evident in In(Lu) 
individuals Il-1 (A) and Ill-1 (C). Red cell morphol- 
ogy is normal in the non-In(Lu) members l-1 (B) and 
ill-2 (D). 
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Fig4. Scanning electron micrographs of washed erythrocytes 
from subject S, Il-1 showing an acanthocyte in (A) (magnifica- 
tion x 10,350) and a bizarre poikilocyte in (B) (magnification x 
11,230). 


with In(Lu) cells, we were able to identify eight individuals 
with this phenotype among 42,000 donors tested in the 
Houston metropolitan region. Although the inheritance of 
this trait was studied in only two families, it is unlikely that 
any of these individuals represented the recessive Lu(a—b—) 
phenotype, because L21 reacts normally with erythrocytes of 
this phenotype. The frequency of the In(Lu) phenotype in 
our study, approximately 1:5,000, is similar to the frequency 
of 1:3,000 found by Shaw et al in Southeast England." 

The studies of these two families have revealed several new 
aspects of the In(Lu) phenotype: decreased agglutination of 
erythrocytes by Con A, and abnormal erythrocyte morphol- 
ogy and electrolyte metabolism. The reactivity of lectins with 
these erythrocytes was examined because two of the sup- 
pressed blood group antigens, P, and i, are known to have 
carbohydrate antigenic determinants.'*'’ The diminished 
reactivity of In(Lu) cells with Con A is manifested primarily 
by a decreased strength of agglutination rather than a 
decreased agglutination titer. The diminished agglutination 
was not a consequence of abnormal erythrocyte morphology 
because the erythrocytes of the C family were not markedly 
abnormal in shape, and other samples of acanthocytic eryth- 
rocytes tested reacted normally with Con A and with the L21 
and A3D8 mAbs. 

In these two families the In(Lu) phenotype was associated 
with changes in erythrocyte morphology and osmotic fragili- 
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Fig 5. Osmotic fragility of In(Lu) erythrocytes from family S, 
subject Il-1, compared to a normal family member, Il!-2. Nearly 
identical osmotic fragility is observed for fresh In(Lu) and contro! 
erythrocytes (O-O-O). In{Lu) RBC incubated at 37 °C for 24 hours in 
plasma (@-@-@) develop a population of cells resistant to osmotic 
lysis not seen in the incubated controls (A-A). 


ty. In the S family acanthocytes and other bizarre poikilo- 
cytes were identified on routine peripheral blood films and 
confirmed by scanning electron microscopy of washed red 
blood cells. Another disorder of red blood cell antigen 
expression, the McLeod phenotype, is also associated with 
acanthocytosis.'? McLeod families, however, exhibit de- 
creased expression of Kell red blood antigen, X-linked inheri- 
tance, and hemolysis. Other causes of acanthocytosis, includ- 
ing splenectomy, liver disease, and abetalipoproteinemia,”” 
were also sought but were not identified. Thus the morpho- 
logic abnormalities seem to be another manifestation of the 
activity of the In(Lu) gene. The less striking erythrocyte 
changes observed in the proband of the C family (III-1), and 
the normal morphology of the two other affected members of 
this family suggests that the degree of red blood cell morpho- 
logic abnormality varies among different In(Lu) kindreds. 
Although the two families described in this report differed 
in their degree of RBC morphologic change, they demon- 
strated similar changes in osmotic fragility. In both families 
the osmotic fragility of fresh In(Lu) erythrocytes was nor- 
mal, whereas decreased osmotic fragility developed after 
incubation for 24 hours at 37 °C. The osmotically resistant 
incubated In(Lu) RBC were also K*-depleted when com- 


Table 3. Cation Content® of Fresh and Incubatedt in(Lu) RBC 


Subjects Nt Na‘ 
Family S, Il-1 
Fresh 3 12.2 + 2.5 
incubated 2 15.4 
Family C, tl-1 
Fresh 3 16.6 + 5.0 
incubated 3 27.7 + 2.9§ 
Controls 
Fresh 6 12.6 + 3.7 
incubated 5 19.1 + 5.3 


*Expressed as mmol/L packed RBC 
t24 hours at 37 °C in plasma 
Number of determinations 

§Values differ from controls (P < 0.05) 





Total 
K (Na + K") 
108.5 + 12.9 120.6 + 12.6 
79.0 94.4 
102.0 + 11.6 122.2 + 12.3 
63.3 + 13.4§ 91.1 + 16.1§ 
107.3 + 13.0 119.9 + 12.5 


100.6 + 15.7 119.8 + 12.7 
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pared to incubated normal controls. Because K* depletion 
usually results in dehydration of the erythrocyte, the K* loss 
observed after incubation of In(Lu) erythrocytes could 
explain the osmotic resistance, although RBC water content 
was not measured to verify this possibility. 

What is the basic abnormality that underlies the In(Lu) 
phenotype? The studies of Telen et al? have demonstrated 
that an 80-kD glycoprotein is immunoprecipitated by A3D8 
from normal erythrocytes, and that only traces of this 
glycoprotein are immunoprecipitated from In(Lu) cells. It is 
not known whether the concentration of this protein is 
decreased in In(Lu) cells or whether the concentration of the 
protein is normal and epitope recognized by A3D8 is altered. 
It seems unlikely to us that this is the sole or principal 
abnormality of In(Lu) erythrocytes because of data pointing 
to abnormalities in other molecules. Band 3 is the major Con 
A-binding protein of human erythrocytes?!” and it also 
carries the i antigenic determinant.” The decreased 
expression of these receptors indicates an abnormality in the 
glycosylation of band 3. The P, antigenic determinant is 
expressed on glycolipids." In addition, there is evidence that 
the three monoclonal antibodies that react weakly with 
In(Lu) erythrocytes are directed at different epitopes. A3D8 
and L21 agglutinate umbilical cord erythrocytes but H86 
does not, and the receptor for H86 is protease-resistant but 
the receptors for L21 and A3D8 are protease-sensitive (refs 8 
and 9, and Umeda and Marcus, unpublished observations). 

We suggested previously’ that the basis of the In(Lu) 
phenotype is abnormal glycosylation of a common carbohy- 
drate sequence that is present in many glycoproteins and in 
some glycolipids. The identification of decreased expression 
of the red cell Con A receptor lends further support to this 
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suggestion. Moreover, the occurrence of the determinants 
recognized by these monoclonal antibodies on several cell 
lineages, human erythrocytes, monocytes, and lymphocytes, 
and the presence of the L21 antigen on glycoproteins from 
several species, is more consistent with a carbohydrate than 
with a peptide determinant. 

The designation In(Lu) reflects the first serological abnor- 
mality described in this phenotype, suppression of the Lu’ 
and Lu” antigens. It is evident that the weak Lutheran 
antigens are only one of many biochemical and morphologic 
abnormalities displayed by this phenotype, and that the 
emphasis on the Lutheran antigens is misleading. Evidence 
for suppression of other high-frequency blood group antigens 
of In(Lu) erythrocytes was reported recently.”° An important 
practical point is that the phenotype is more readily identi- 
fied by the use of the new monoclonal antibodies than by 
screening for a weak Lu® antigen. Human anti-Lu? sera are 
very weak, as well as limited in supply, and it is difficult to 
determine accurately whether a weak Lu” antigen represents 
the lower end of the normal distribution or a genetic abnor- 
mality. The availability of monoclonal antibodies for detec- 
tion of the In(Lu) phenotype should facilitate biochemical 
studies of this interesting genetic abnormality. 
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Divalent Cation-Dependent and Independent Surface Expression of 
Thrombospondin on Thrombin-Stimulated Human Platelets 


By Martha L. Aiken, Mark H. Ginsberg, and Edward F. Plow 


Thrombospondin (TSP), a platelet a-granule protein, 
becomes expressed on the surface of thrombin-stimulated 
platelets. The surface expression of this protein occurs 
through two distinct mechanisms. At low platelet concen- 
trations (1 x 10°/mL), a divalent ion-independent, 
low-capacity mechanism predominates. At higher cell con- 
centrations, a divalent ion-dependent, higher capacity 
mechanism prevails that can account for >90% of all the 
TSP surface expression measured. This mechanism 


HROMBOSPONDIN (TSP) is a trimeric glycoprotein 

comprised of 180-kd mol wt subunits.’ It is a major 
protein of platelet a-granules?? and is synthesized by a 
variety of cells including monocytes,® fibroblasts,’ endothe- 
lial cells,*? and megakaryocytes.’ Although the role of TSP 
in the function of these various cell types remains to be 
elucidated, several lines of evidence suggest that TSP is 
involved in platelet function. TSP binds to fibrinogen, =" 
and fibronectin,'*'* which are involved in platelet adhesion 
and aggregation. ™!* TSP agglutinates fixed RBCs, platelets, 
or platelet membranes to one another.'?”' In addition, anti- 
TSP antibodies inhibit fibrinogen binding to thrombin- 
activated platelets.” Finally, both monoclonal” and poly- 
clonal antibodies” to TSP can inhibit the aggregation of 
human platelets. 

The capacity of TSP to participate in platelet aggregation 
implies that the molecule must be available at the cell 
surface. Direct evidence for surface expression of TSP has 
been obtained by using cell surface-labeling approaches 7 
and from the binding of radiolabeled polyclonal and mono- 
clonal antibodies to platelets.” Both approaches suggest 
that thrombin stimulation of platelets results in surface 
expression of TSP as a consequence of its secretion from 
a-granules. Beyond these basic observations, there is limited 
information as to the regulation of TSP surface expression, 
and controversy exists. Using surface radioiodination 
approaches, Phillips and co-workers” indicated that TSP 
surface expression was calcium dependent, whereas George 


From the Division of Vascular Biology and Inflammation, 
Department of Immunology, Research Institute of Scripps Clinic, 
La Jolla, CA. 

Submitted May 15, 1986; accepted July 16, 1986. 

Supported by National Institutes of Health Grants No. HL 
16411 and AM 27214. This is publication number 4363-IMM from 
the Department of Immunology of the Research Institute of Scripps 
Clinic. Blood drawing was conducted in part by the GCRC of 
Scripps Clinic which is supported by RR00833. 

Address reprint requests to Dr Martha L. Aiken, Department of 
Immunology, Research Institute of Scripps Clinic, 10666 N Torrey 
Pines Rd, La Jolla, CA 92037. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. § 1734 solely to 
indicate this fact. 

€ 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6901-0018$03.00/0 


58 


requires the presence of both calcium and magnesium 
(Ca + Mg). The dependence of the divalent ion-dependent 
surface expression on platelet concentration suggests that 
release of the molecule from the cell followed by its binding 
to the cell surface mediates this component of the endoge- 
nous TSP-platelet interaction. These data are consistent 
with a two-receptor model for the platelet surface expres- 
sion of the endogenous TSP pool. 

è 1987 by Grune & Stratton, Inc. 


and co-workers*”’ were able to radioiodinate TSP on the 
surface of thrombin-stimulated platelets in the presence of 
EDTA. In view of these uncertainties, we undertook a 
quantitative assessment of TSP surface expression using a 
monoclonal antibody to TSP. This antibody, TSPI-1, is a 
particularly interesting probe for such analyses as it has been 
shown to inhibit the hemagglutinating activity of TSP.°° An 
additional impetus for these analyses has been our recent 
characterization of the interaction of exogenously added 
TSP and platelets.” In the present study, we sought to 
determine if the two receptor systems that mediate the 
interaction of exogenously added TSP are also involved in 
regulating the surface expression of the molecule. 


MATERIALS AND METHODS 


Monoclonal antibody production and isolation. TSP was puri- 
fied by a modification of the method of Lawler and co-workers." In 
brief, fresh human platelets (25 U) were stimulated with thrombin 
at 3 U/mL. A releasate fraction was obtained by centrifugation, and 
this fraction was applied to a heparin-Sepharose column. TSP was 
eluted, and this fraction and the nonbinding fraction were pooled and 
rechromatographed on heparin-Sepharose, using the same protocol. 
The second 0.45 mol/L of NaCl eluate containing TSP was pooled 
and frozen at — 70 °C. The typical yield of TSP was | mg from each 
unit of platelets. 

TSP1-1 was produced using standard protocols. In brief, Balb/c 
mice were immunized with 25 ug of TSP followed by a second boost 
of 25 ug injected 2 weeks later. On the fourth and fifth day prior to 
fusion, the animals were given 40 ug of TSP intravenously (TV). 
Spleen cells from these mice were fused with the myeloma cell line 
P3X63Ag8.653 at a spleen-myeloma cell ratio of 5:1. TSP antibody- 
producing hybrids were detected with solid-phase radicimmunomet- 
ric assay as described,” coating microwells with 2.5 g/mL of TSP. 
The positive clones were subcloned by limiting dilution, retested in 
the solid-phase radioimmunometric assay, and recloned. 

The selected TSPi-1 clone was injected into pristane-primed 
mice, and ascites fluid was harvested during a 2-week period. The 
ascites fluid was characterized by electrophoresis on cellulose ace- 
tate strips and yielded a single major band in the y region, consistent 
with the monoclonal nature of the antibody. By Ouchterlony analysis 
with class-specific monoclonal antibodies, TSP1-1 was determined 
to be an IgG2a antibody with a x light chain. 

TSP1i-1 was purified essentially as described by Ey and col- 
leagues.** In brief, ascites fluid (20 mL) containing TSP1-1 was 
incubated with Protein-A Sepharose CL-4B (Pharmacia Fine 
Chemicals, Piscataway, NJ) for 18 to 20 hours at 4 °C, with gentle 
agitation. Following the incubation, the slurry was centrifuged 
(120 g) for 5 minutes. The supernatant was removed, and the resin 
was resuspended in 0.1 mol/L of PO4, pH 8.0. The Protein A- 
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Sepharose was then washed with the equilibration buffer, and the 
bound protein was eluted in a stepwise fashion with 0.1 mol/L of 
sodium citrate at pH 5.5, 4.5, and 3.5. The pH 4.5 fraction, which 
contained TSPI-1, was dialyzed against phosphate-buffered saline 
(PBS), and the purified antibody was stored at — 20 °C. Typically, 1 
to 2 mg of TSP!-1 was obtained from each milliliter of ascites. The 
antibody was 295% homogeneous as judged by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 

TSPI-1 was radiolabeled by a modified chloramine-T procedure” 
to a specific activity of ~0.5 wCi/ug. Residual free iodine was 
removed by gel filtration on a PD-10 column (Pharmacia), equili- 
brated in and eluted with PBS. The protein concentration of the 
radiolabeled antibody was determined from the original protein 
concentration of the unlabeled protein, based on its absorption at 
280 nm, and the precipitability of the radioactivity in 15% trichloro- 
acetic acid prior to and after gel filtration. The precipitability of 
radioactivity in 15% trichloroacetic acid exceeded 98%, and protein 
recovery was routinely >90%. The radiolabeled antibody 
('*°]-TSP1-1), as added to and as eluted from platelets (see below), 
exhibited a single band by SDS-PAGE (7.5% gels under nonreduc- 
ing conditions) with a mobility corresponding to the isolated and 
nonlabeled antibody. 

Platelet isolation. Washed human platelets were obtained as 
previously described.” In brief, 60 to 90 mL of fresh human blood 
were collected into acid-citrate-dextrose. This procedure was per- 
formed with the approval of our local Human Investigations Com- 
mittee and the Department of Health and Human Services. The 
blood was centrifuged (120 g) for 20 minutes at 22 °C. The platelet- 
rich plasma was removed and recentrifuged at 1,000 g at 22 °C. The 
platelets were recovered as a pellet and resuspended in 2 mL of 
divalent ion-free Tyrode’s buffer, pH 7.2, containing 2% bovine 
serum albumin, and subjected to gel filtration on Sepharose CL-2B 
(2.5 x 8 cm) (Pharmacia) equilibrated in the same buffer. The 
washed platelets were collected in ~4 mL and counted electronically 
in a Coulter Counter Model Zf (Coulter Electronics, Hialeah, FL). 
In some experiments, paraformaldehyde-fixed platelets were used. 
These were prepared as previously described.” Washed human 
platelets were incubated with thrombin at 0.25 U/mL for 5 minutes, 
and the agonist was inactivated with a tenfold excess of hirudin. 
Following platelet activation, paraformaldehyde was added to a final 
concentration of 0.05%. After 30 minutes at 22 °C, 0.02 mol/L of 
NHC] in 0.15 mol/L of NaCl, 0.02 mol/L of Tris, pH 7.2, was 
added in equal volume, and the platelets were centrifuged at 1,000 g 
for 15 minutes at 22°C. The supernatant was removed, and the 
platelets were resuspended in Tyrode’s buffer, pH 7.2. After fixa- 
tion, the cells were generally used within 24 hours but could be 
stored for 2 to 3 weeks at 4 °C. 

Platelet-binding assays. '*1-TSP1-1 binding to platelets was 
measured as previously described” for the interaction of adhesive 
proteins with the cells. Typically, '°I-TSP1-1 at 0.20 to 1.2 umol/L 
was incubated with washed human platelets at 1 x 10°/mL to 2 x 
10°/mL in a final volume of 200 uL in Tyrode’s-albumin buffer, pH 
7.2, The platelets were then activated with thrombin at 0.25 U/mL. 
Following an incubation period at 22 °C, triplicate 50-uL aliquots of 
the incubation mixture were layered onto 20% sucrose and centri- 
fuged ina Beckman microfuge for 2.5 minutes. The tips of the tubes 
containing the platelets were amputated and counted. By means of 
the specific activity of the radiolabeled ligand, the number of 
antibody molecules bound per platelet was determined. Nonspecific 
binding, N,, as determined using the “Ligand” program,” ranged 
from 0 to 3 x 107°% of the TSPI-1 input concentration and was 
verified experimentally at low-input concentrations of '*I-TSP1-1 in 
the presence of a large excess of nonlabeled antibody. All data 
presented represent specific binding of the antibody. 

Immunoblotting analyses. Plasmin (KabiVitrum, Stockholm) 
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was added to human TSP to a final concentration of 0.5 U/mL with 
TSP at | mg/mL. The data shown in this study was obtained with a 
3-hour digest at 37 °C. The sample was added to an equa! volume of 
Laemmli sample buffer” containing 2% 2-mercaptoethanol and was 
boiled. These samples were then subjected to PAGE in the buffer 
system of Laemmli,” using a 10% resolving gel with a 3.3% stacking 
gel. After electrophoresis, the protein was transferred from the gei to 
nitrocellulose for | hour at a constant current of 275 mA.” Nonspe- 
cific binding to the nitrocellulose was reduced by incubation with a 
phosphate buffer containing casein“? for | hour at 22°C. TSP1-1 
ascites fluid, at a dilution of 1:250 in the casein-blocking buffer, was 
added to the nitrocellulose and incubated for 2 hours. The nitroceilu- 
lose sheets were then washed three times, each time for 10 minutes 
with the same buffer. Immunochemically purified '*l-radiolabeled 
anti-mouse IgG diluted in the phosphate-casein buffer (0.5 ng/mL) 
was added to the washed nitrocellulose sheets. Following a 2-hour 
incubation at 22°C, three 10-minute washes with the blocking 
buffer were performed; last, the sheets were washed with PBS. The 
bound radiolabeled anti-mouse IgG was detected by autoradiogra- 
phy of the dried sheets; mol wts were estimated from the mobilities of 
mol wt standard proteins applied to the gel. 


RESULTS 

Antibody specificity. TSP1-1 was specific for TSP based 
on the following criteria. The antibody reacted with TSP ina 
solid-phase radioimmunometric assay, and this interaction 
could be inhibited by purified TSP in the fluid phase. In 
similar analyses, the antibody did not react with fibrinogen 
or fibronectin. In immunoblotting analyses, the antibody 
reacted with a single component in platelet lysates with the 
same mobility as purified TSP, and in immunofiuorescence 
the antibody stained in a pattern consistent with a-granule 
localization.” 

To characterize further the recognition specificity of 
TSP 1-1, purified TSP was subjected to plasmin digestion in 
the presence of Ca. The resulting samples were subjected to 
electrophoresis on 10% polyacrylamide gels under reducing 
conditions and then electrophoretically transferred onto 
nitrocellulose. The gel of nondigested TSP and the digest is 
shown in the left panel of Fig 1. Nondigested TSP (lane 1) 
exhibited a single, major band with an estimated mol wt of 
180 kd, consistent with the properties of the TSP subunits in 
the Laemmli gel system.” The digest (lane 2) contained two 
major bands at estimated mol wts of 150 kd and 30 kd. Based 
on the studies of Lawler and Slater* the 30-kd fragment 
corresponds to the heparin binding fragment from the ami- 
no-terminal region of TSP. When the transfers were sub- 
jected to immunoblotting analyses with TSP1-1, the anti- 
body reacted with the intact subunits of TSP (right panel, 
lane 3). In the plasmin digest (lane 4), TSP1-! reacted with 
the 30-kd but not the 150-kd fragment of TSP. This suggests 
that the TSP1-1 epitope resides in the heparin binding 
domain of TSP. 

Binding of TSP1-1 to platelets. TSP1-1 was radioiodin- 
ated and used to assess the availability of the recognized 
epitope on the surface of thrombin-stimulated and nonstimu- 
lated platelets. In the initial set of experiments, '°I-TSP1-1 
was used at an input concentration of 1 wmol/L (determined 
by subsequent experiments to be a saturating dose of the 
antibody) with the cells at 2 x 10°/mL. The data shown in 
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Fig 1. TSP was digested with 0.5 U plasmin per mg of TSP for 


3 hours at 37 °C in the presence of 2 mmol/L of Ca. Both the intact 
protein and the digest were subjected to immunoblot analysis 
using TSP1-1 to determine which TSP domain contains the TSP1- 
1 epitope. Left panel, 10% Laemmli gel stained with Coomassie 
Blue: lane 1, intact TSP; lane 2, plasmin digest of TSP. Right panel, 
autoradiogram of the immunoblot with TSP1-1: lane 3, intact TSP; 
lane 4, plasmin digest of TSP. Arrow indicates peptide generated 
by plasmin cleavage. The contaminant in the starting sample in 
this mol wt range did not appear to be affected by the digestion 
with plasmin. 


Table | were obtained after a 60-minute incubation and 
establish two major points regarding surface expression of 
TSP. First, surface expression of TSP is increased when the 
platelets are stimulated. In the presence of Ca + Meg, 
thrombin-stimulated platelets bound 15 times more TSP1-1 
than did nonstimulated platelets in the presence of PGE1 and 
theophylline. In addition, when blood was drawn directly into 
PGE!1 and theophylline and the inhibitors were maintained 
throughout the platelet isolation, TSP1-1 binding was fur- 
ther reduced. When '*I-TSP-1-1, at 0.3 wmol/L, was incu- 
bated for 30 minutes with platelets prepared from blood 
drawn into PGE! and theophylline, <200 antibody mole- 
cules were bound per platelet in the presence of EDTA or 
Ca + Mg as compared with 1,000 molecules bound per 
platelet when the inhibitors were added directly to the 
isolated cells. Second, thrombin-stimulated surface expres- 
sion of TSP was detected in the presence of EDTA. The 


Table 1. Surface Expression of TSP on Resting 
and Thrombin-Stimulated Platelets 





29|_TSP 1-1 Bound (Molecules/Platelet) 





Divalent lon Condition Resting Stimulated 
EDTA 850 + 20 3,100 + 500 
Ca + Mg (2 mmol/L of each) 1,100 + 340 16,000 + 4,200 





'25|_TSP 1-1 was added at a saturating dose, 1 mol/L, to resting or 
thrombin-stimulated (0.25 U/mL) fresh platelets at 2 x 10°/mL, and 
binding was measured after 60 minutes. PGE1 and theophylline were 
present in the resting platelet preparation at 1 pg/mL and 1 mmol/L, 


respectively. 
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extent of surface expression was reduced relative to that 
observed in the presence of Ca + Mg, but still constituted a 
significant increase, approximately fourfold, as compared 
with nonstimulated cells. 

With these data suggesting that the divalent ions may 
regulate the extent of TSP surface expression, the divalent 
ion conditions for surface expression were further investi- 
gated. With '*I-TSPI-1 added at its K, (0.2 uwmol/L), 
thrombin-stimulated surface expression of TSP was mea- 
sured in the presence of Ca + Mg, Ca or Mg, Mg-EGTA, or 
EDTA (Fig 2). In the absence of divalent ions (EDTA), or in 
the presence of Mg-EGTA or Ca, the binding of TSP1-1 was 
measurable but remained at a relatively low level with 3,000 
to 3,500 molecules of antibody bound per platelet. Addition 
of Mg or Ca alone at concentrations as high as 3.8 or 4 
mmol/L,“ respectively, failed to augment TSP surface 
expression. When 2 mmol/L of Ca + 2 mmol/L of Mg were 
present, a fourfold increase (3,500 v 17,400 molecules of 
TSP 1-1 per platelet) in TSP surface expression occurred. A 
similar increase in antibody binding was also observed with 
the addition of Mg without chelation of endogenous Ca, 
suggesting that the platelets may provide a sufficient quan- 
tity of this ion for maximal TSP surface expression. 

TSP 1-1 binding to thrombin-stimulated platelets reached 
steady state at similar times in the presence of Ca + Mg and 
EDTA. As shown in Fig 3, under both conditions, apparent 
equilibrium binding was observed in 60 minutes. At a single 
concentration of TSPI-1 (0.25 umol/L) as in Fig 3, 
increased binding could reflect an increase in the affinity of 
the antibody for TSP in the presence of Ca + Mg rather than 
reflect an increase in the quantity of TSP on the platelet 
surface. Therefore, the binding of TSP1-1 added at varying 
concentrations to thrombin-stimulated platelets was assessed 
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Fig 2. ‘*I-TSP1-1 was incubated with thrombin-stimulated 
(0.25 U/mL) platelets at a platelet concentration of 2 x 10°/mL. 
The final concentration of EDTA was 5 mmol/L. The concentration 
of Mg + Ca ranged from 0.5 to 4 mmol/L and the concentration of 
Mg-EGTA ranged from 5 mmol/L of EGTA-1 mmol/L of Mg to 5 
mmol/L of EGTA-4 mmol/L of Mg, at which point the calculated 
free Mg concentration was ~3.8 mmol/L.*’. 
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Fig 3. Platelets were stimulated with thrombin (0.25 U/mL) 
for 10 minutes prior to fixation with paraformaldehyde. Following 
a wash of the platelets with Tyrode's buffer, '*1-TSP1-1 (0.25 
umol/L) was added to the cells (2 x 10°/mL) for varying periods of 
incubation (5 to 90 minutes). Ca + Mg (2 mmol/L of each) present 
during stimulation {O}, EDTA (5 mmol/L) present during stimula- 
tion (@)}. 


under various divalent ion conditions. In these experiments, 
both fresh and paraformaldehyde-fixed washed platelets 
were used. The affinity of TSP1-1 for platelet-bound TSP 
may be different than that for TSP in solution, and the free 
TSP may compete with a high affinity for TSP1-1 binding, 
resulting in an underestimation of the affinity of TSP1-1 for 
platelet-bound TSP. Therefore, platelets were stimulated, 
fixed with paraformaldehyde, and then washed to remove 
free TSP prior to the assay. Binding isotherms were con- 
structed by adding increasing concentrations of '°I-TSP1-1 
(0.2 to 1.2 pmol/L) to thrombin-stimulated fixed or nonfixed 
platelets at 2 x 10*/mL. The results shown in Fig 4 were 
obtained in the presence of EDTA, and saturation of anti- 
body binding is apparent for both the fresh and fixed 
platelets. Such data were subjected to Scatchard analyses, 
and the binding parameters derived are summarized in Table 
2. The affinity of TSPI-1 for platelet-bound TSP showed 
little variation with divalent ion conditions; however, the 
number of TSP1-1 binding sites was greater than eightfold 
higher in the presence of Ca + Mg as compared with EDTA. 
The slight shift in affinity of the antibody for fixed platelets 
as compared with fresh platelets suggests that the antibody 
does not have a significantly higher affinity for TSP in 
solution than for platelet-bound TSP. 

The ability of EDTA to reverse the Ca + Mg-dependent 
surface expression of TSP on thrombin-stimulated platelets 
was also investigated (Table 3). Cells were activated with 
thrombin for 10 minutes in the presence of Ca + Mg, a 
condition that induced a full secretory response as measured 
by 8-thromboglobulin release. EDTA was then added to a 
final concentration of 10 mmol/L. With an input concentra- 
tion of '*I-TSP1-1 of 1.0 umol/L, EDTA reduced binding of 
the antibody to platelets by ~65% as compared with that 
observed in the presence of Ca + Mg, and this reduction 
approached the level of surface expression noted on cells 
activated in the presence of EDTA. These results indicate 
that EDTA can reverse the increased TSP surface expression 
that occurs in the presence of Ca + Mg. This reversal was 
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Fig 4. Increasing concentrations of “"1-TSP1-1 (0.2 to 1.2 
umol/L) were incubated with either fresh or paraformaidehyde- 
fixed platelets. The fresh cells were stimulated with thrombin 
(0.25 U/mL} at a cell concentration of 4 x 10°/mL prior te the 
assay. To prepare the fixed celis, platelets were stimulated with 
thrombin (0.25 U/mL) at a cell concentration of 1.5 x 10°/mi and 
fixed with 0.05% paraformaldehyde and then washed with 
Tyrode's buffer to remove free TSP. Both sats of calls were diluted 
to a final concentration of 2 x 10°/mL in the binding assay. 


also observed with y-thrombin as the stimulus of platelet 
secretion (Table 3). 

TSP may become surface expressed through its secretion 
into the extracellular milieu and its subsequent binding to the 
cell surface. Accordingly, platelet concentration at the time 
of thrombin stimulation would determine the concentration 
of TSP available for binding the cells; therefore, the extent of 
TSP surface expression would be dependent on platelet 
concentration. This prediction has been examined experi- 
mentally. Platelets, at concentrations from | x 10°/mL to 
2 x 10?/mL, were stimulated with thrombin in the presence 
of either Ca + Mg or EDTA and then fixed with paraformal- 
dehyde. The cell concentration was then adjusted to 2 x 
10°/mL, and surface expression of TSP was measured using 
a saturating dose of TSPI-1 (1.1 uwmol/L) as a probe. The 
results are summarized in Table 4. The TSP surface expres- 
sion increased sixfold and was 90% divalent ion dependent at 
the highest cell concentration tested (2 x 10’/mL). Thus, as 
the platelet concentration at the time of thrombin stimula- 
tion increased, resulting in higher concentrations of secreted 
TSP, TSP surface expression also increased in the presence 
of Ca + Mg. This effect was not noted in the presence of 
EDTA. Surface expression varied by only 14% at the lowest 
and highest platelet concentrations used in the presence of 
EDTA as compared with a > 700% difference in the presence 
of Ca + Mg. 


DISCUSSION 


TSPI-1 recognizes an epitope in the heparin-binding 
domain of TSP. Because this antibody has been previously 
shown to inhibit the lectinlike activity of TSP,” this localiza- 
tion suggests that the amino-terminal region of the molecule 
is involved in this function, consistent with the data of other 
researchers,“ and that this region is available on the platelet 
surface in the presence or absence of divalent ions. Using 
TSPI1-1 to measure surface expression of the molecule, we 
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Table 2. Summary of TSP1-1 Binding Parameters 





Parameter Fresh 
Ca + Mg 
Dissociation constant 
K (nmol/L) 165 + 55 
Binding sites 
{TSP 1-1 molecules/platelet) 17,000 + 2,000 


Platelets 
Fixed 
EDTA Ca + Mg EDTA 
540 + 220 200 + 70 90 + 89 
5,200 + 1,300 42,000 + 9,000 5,000 + 1,500 





Varying concentrations of '*°I-TSP 1-1 were added to platelets at 2 x 10°/mL in the presence of Ca + Mg (2 mmol/L of each) or EDTA (5 mmol/L). 
The fresh platelets were stimulated with thrombin (0.25 U/mL) at a concentration of 4 x 10°/mL and diluted to 2 x 10°/mL in the assay, whereas the 
paraformalidehyde-fixed platelets were stimulated with thrombin (0.25 U/mL) prior to fixation at a concentration of 1.5 x 10°/mL and diluted to 2 x 


10°/mL in the assay. 


found that maximal exposure of TSP on thrombin-stimu- 
lated platelets requires the presence of both Ca + Mg. In the 
presence of Ca alone, EDTA or Mg-EGTA surface expres- 
sion was reduced relative to the Ca + Mg condition. Mg 
alone, but not Mg-EGTA, was as effective as Ca + Mg in 
supporting TSP surface expression, suggesting that the 
endogenous pool of Ca supplied by the platelets is a sufficient 
source of this ion for optimal TSP exposure. 

The enhanced TSP1-1 binding in the presence of Ca + 
Mg could be an effect of the combination of divalent ions on 
the affinity of TSPi-i for the molecule, or on platelet 
secretion, which would control the availability of TSP, or 
directly on the quantitative expression of TSP on the platelet 
surface. The affinity of TSP1-1 for the molecule on the 
platelet surface in the presence of Ca + Mg or EDTA was 
quite similar. Using purified TSP in a fluid-phase radioim- 
munoassay or in a solid-phase radioimmunometric assay 
with TSP coupled to plastic microtiter wells, we found that 
TSPI-1 binding also was similar under varying divalent ion 
conditions (unpublished observations, August 1985). More- 
over, the affinity of TSPI-1 for platelets in the presence or 
absence of Ca + Mg did not vary significantly when 
measured with either fresh or fixed platelets. Therefore, 
differences in the affinity of TSP1-1 for TSP in the presence 
of Ca + Mg as contrasted to other divalent ion conditions 
does not appear to be the basis for its increased binding. That 
Ca + Mg enhances platelet secretion of TSP also appears to 
be excluded. When platelets were stimulated in the presence 
of Ca + Mg and then EDTA was added, TSP1-1 binding 
was reduced and approached the levels that occurred when 
cells were stimulated in the presence of EDTA. Thus, it 


Table 3. Effect of EDTA on TSP Surface Expression 


(TSP 1-1 Molecules/Platelet) 


¥-Thrombin e-Thrombin 

lon Condition {10 U/mL} {0.25 U/mL} 
Ca + Mq(2 mmol/L of each) 17,000 19,000 
EDTA” (10 mmol/L) 3,100 4,300 
EDTA (10 mmol/L) 6,300 6,100 


'251-TSP 1-1 (1.0 umoi/L) was added to stimulated, fresh platelets at 
2 x 10°/mL in the presence of Ca + Mg or EDTA. In one set of samples, 
the platelets were stimulated in the presence of Ca + Mg with the 
addition of EDTA after a 10-minute incubation. 

“EDTA present at time of stimulation. 

EDTA added after the cells were incubated with the stimulus for 10 
minutes in the presence of Ca + Mg. 


seems likely that Ca + Mg directly increases the number of 
TSP molecules, or more precisely the number of TSP1-1 
epitopes, on the surface of thrombin-stimulated platelets. It 
is well established that TSP is a Ca-binding protein and that 
the removal of Ca results in a conformational change of the 
molecule. ** Whether Mg has an additional effect on the 
molecule, the platelet, or both remains to be demonstrated. It 
is noteworthy in this regard that Dixit and colleagues” 
reported that the association of TSP and fibrinogen is also 
optimal in the presence of both divalent ions, and a prelimi- 
nary report also suggests that TSP binding to macrophages 
is optimal in the presence of both divalent ions. 

Removal of all divalent ions with EDTA did not entirely 
abolish TSP surface expression. This result suggests that 
existence of at least two distinct mechanisms for surface 
expression of TSP. One pathway is divalent ion independent, 
and the second is dependent on Ca + Mg. The relative 
contribution of these two pathways to TSP surface expres- 
sion is dependent on platelet concentration. When platelets 
were stimulated at a low cell concentration (1 x 108/mL), 
~60% of the TSP surface expressicn was divalent ion inde- 
pendent. As the cell concentration was increased, the quan- 
tity of TSP surface expressed by the divalent ion-indepen- 
dent mechanism remained relatively constant, whereas the 
Ca + Mg-dependent surface expression increased until it 
constituted ~90% of the TSP surface expression at the 
highest platelet concentration tested (2 x 10°/mL). The 


Table 4. Effect of Cell Concentration on TSP Surface Expression 


Platelets * Ca + Mg Totalt EDTA 
iCells/mL} {2 mmolal of each} (%} {5 mmol/L} 
1 x 10° 7,100 40 4,300 
5 x 10° 22,000 86 3,200 
1x 10° 36.300 85 5,600 
2 x 10° 60,000 92 5.000 








Platelets at varying concentrations were stimulated with thrombin 
{0.25 U/mL) for 10 minutes prior to fixation with paraformaldehyde. The 
fixed cells were then centrifuged and resuspended in Tyrode's buffer at a 
final cell concentration of 2 x 10°/mL in the assay. The cells were 
incubated with '*-TSP 1-1 (7.1 umol/L} fer 60 minutes. 

*Platelet concentration at the time of stimulation. 

+if it is assumed that TSP 1-1 binding in the presence of Ca + Mg 
represents the sum of divalent ion-depencent and -independent binding 
or 100% of the total TSP surface expression, this is the percentage 
attributable to a divalent ion-dependent mechanism. 


SURFACE EXPRESSION OF TSP ON HUMAN PLATELETS 


existence of these two independent pathways may reconcile 
previous data™” regarding the divalent ion dependence of 
TSP surface expression. From our data, it is clear that both 
mechanisms can occur and that platelet concentration can be 
an important variable in determining the relative contribu- 
tion of each mechanism. The basis for the effect of platelet 
concentration remains to be established. The most direct 
explanation is that platelet concentration at the time of 
thrombin stimulation determines the concentration of avail- 
able TSP in solution. At 10° or 10° platelets /mL the theoreti- 
cal concentration of secreted TSP would be 4 or 40 nmol/L, 
respectively.” If the divalent ion-independent mechanism is 
of high affinity and low capacity such that these sites are 
saturated at 4 nmol/L of TSP, an increase in the TSP 
concentration would not increase the number of molecules 
bound per platelet. In contrast, if the Ca + Mg-dependent 
reaction is of lower affinity and higher capacity, a tenfold 
increase in available TSP concentration could increase sur- 
face expression significantly. As noted below, this interpreta- 
tion Is consistent with our previous data*' on the binding of 
exogenously added TSP to platelets. More complex explana- 
tions, however, cannot be excluded. For example, the concen- 
tration of other secreted platelet constituents could also 
influence TSP binding to platelets, or the state of TSP 
polymerization” could be influenced by Ca + Mg. 

We recently showed that the binding of exogenously added 
TSP to platelets also involves two distinct mechanisms.*' One 
of these mechanisms is divalent ion dependent. It occurs with 
relatively low affinity (K4 = 250 nmol/L) and high capacity 
(35,600 + 9,600 sites per cell). The divalent ion-independent 
mechanism for binding of exogenously added TSP is of 
higher affinity (Ky = 50nmol/L) and lower capacity 
(3,100 + 1,000 sites per platelet). Thus, the predictions 
regarding the relative affinity and capacity of the divalent 
ion-independent and the Ca + Mg-dependent mechanism of 
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surface expression are consistent with the binding of exoge- 
nously added TSP. The data from the two studies are not 
entirely in agreement. First, the divalent ion-dependent 
binding of exogenous TSP could be demonstrated in the 
presence of Ca or Mg alone. Second, since the divalent 
ion-independent surface expression of TSP changed mini- 
mally with platelet concentration, a very high-affinity inter- 
action, higher than a K, of 50 nmol/L, is predicted. If 
endogenous and exogenous TSP bind to the same receptors, 
when exogenous TSP is added it must compete with secreted 
endogenous TSP for binding sites, which would result in a 
lower apparent affinity for TSP binding. Thus, the difference 
in affinity of exogenous TSP for the divalent ion-independent 
binding site (K, = 50 nmol/L) and the affinity of endoge- 
nous TSP for the platelet surface in the presence of EDTA 
(apparent K, < 4 nmol/L based on estimated available TSP 
concentrations) may be artifactual. It is also possible that the 
differences found between the binding of exogenous TSP and 
the surface expression of endogenous TSP is due to subtle 
changes arising during purification of the molecule. 

When blood was collected into PGE! and theophylline and 
these inhibitors were maintained throughout the platelet 
isolation, <200 molecules of TSP1-1 bound per platelet. 
Based on the affinity and the plasma concentration of TSP, it 
is predicted that <250 molecules of TSP should be present on 
the surface of nonstimulated platelets. The practical implica- 
tions of these results is that detection of TSP on the platelet 
surface with monoclonal antibodies such as TSP1-1 could 
prove to be a useful marker for platelet activation. Extensive 
and detailed investigations will be necessary to assess this 
possibility. 


ACKNOWLEDGMENT 


We thank Sandra M. Peterson for production of TSP1-} ascites 
and Judy Taylor for preparing the manuscript. 


REFERENCES 


1. Lawler J, Slayter H, Coligan J: Isolation and characterization 
of a high molecular weight glycoprotein from human blood platelets. 
J Biol Chem 253:8609, 1978 

2. Hagen I: Effects of thrombin on washed, human platelets, 
changes in subcellular fractions. Biochim Biophys Acta 392:242, 
1975 

3. Hagen I, Olsen T, Solum NO: Studies on subcellular fractions 
of human platelets by the lactoperoxidase-iodination technique. 
Biochim Biophys Acta 455:214, 1976 

4. Lawler JW, Chao FC, Fang P-H: Observations of a high 
molecular weight platelet protein released by thrombin. Thromb 
Haemost 37:355, 1977 

5. George JN, Lyons RM, Morgan RK: Membrane changes 
associated with platelet activation. Exposure of actin on the platelet 
surface after thrombin-induced secretion. J Clin Invest 66:1, 1980 

6. Jaffe EA, Ruggiero JT, Falcone DJ: Monocytes and macro- 
phages synthesize and secrete thrombospondin. Blood 65:79, 1985 

7. Jaffe E, Ruggiero JT, Leung LLK, Doyle MJ, McKeown- 
Longo PJ, Mosher DF: Cultured human fibroblasts synthesize and 
secrete thrombospondin and incorporate it into extracellular matrix. 
Proc Natl Acad Sci USA 80:998, 1983 

8. McPherson J, Sage H, Bornstein P: Isolation and characteriza- 
tion of a glycoprotein secreted by aortic endothelial cells in culture: 


Apparent identity with platelet thrombospondin. J Biol Chem 
256:11330, 1981 

9. Mosher DF, Doyle MJ, Jaffe EA: Synthesis and secretion of 
thrombospondin by cultured human endothelial cells. J Cell Biol 
93:343, 1982 

10. McLaren KM: Immunochistochemical localization of throm- 
bospondin in human megakaryocytes and platelets. J Clin Pathol 
36:197, 1983 

11. Leung LLK, Nachman RL: Complex formation of platelet 
thrombospondin with fibrinogen. J Clin Invest 70:542, 1982 

12. Dixit VM, Grant GA, Frazier WA, Santoro SA: Isolation of 
the fibrinogen-binding region of platelet thrombospondin. Biochem 
Biophys Res Commun 119:1075, 1984 

13. Lahav J, Lawler J, Gimbrone MA: Thrombospondin interac- 
tions with fibronectin and fibrinogen: Mutual inhibition in binding. 
Eur J Biochem 145:151, 1984 

l4. Lahav J, Schwartz MA, Hynes RO: Analysis of platelet 
adhesion with a radioactive chemical crosslinking reagent: Interac- 
tion of thrombospondin with fibronectin and collagen. Cell 31:253, 
1982 

13. Grinnell F, Feld M, Snell W: The influence of cold insoluble 
globulin on platelet morphological response to substrata. Cell Biol 
Int Rep 3:585, 1979 


64 


16. Houdijk WPM, Sakariassen KS, Nievelstein PFEM, Sixma 
JJ: Role of factor VIH -von Willebrand factor and fibronectin in the 
interaction of platelets in flowing blood with monomeric and fibrillar 
human collagen types I and HI. J Clin Invest 75:531, 1985 

17. Caen J, Inceman S: Considérations sur l’allongement du 
temps de saignement dans l’afibrinogénémie congénitale. Nouv Rev 
Fr Hematol 3:614, 1963 

18. McLean JR, Maxwell RE, Huther D: Fibrinogen and adeno- 
sine diphosphate induced aggregation of platelets. Nature 202:605, 
1964 

19. Gartner TK, Williams DC, Phillips DR: Platlelet plasma 
membrane lectin activity. Biochem Biophys Res Commun 79:592, 
1977. 

20. Gartner TK, Williams DC, Minion FC, Phillips DR: Throm- 
bin-induced platelet aggregation is mediated by a platelet plasma 
membrane bound lectin. Science 200:1281, 1978 

21. Gartner TK, Phillips DR, Williams DC: Expression of throm- 
bin-enhanced platelet lectin activity is controlled by secretion. FEBS 
Lett 113:196, 1980 

22. Leung LLK: Role of thrombospondin in platelet aggregation. 
J Clin Invest 74:1764, 1984 

23. Dixit VM, Haverstick DM, O’Rourke KM, Hennessy SW, 
Grant GA, Santoro SA, Frazier WA: A monocional antibody 
against human thrombospondin inhibits platelet aggregation. Proc 
Natl Acad Sci USA 82:3472, 1985 

24. Gartner TK, Walz DA, Aiken MA, Starr-Spires L, Ogilvie 
ML: Antibodies against a 23 Kd heparin binding fragment of 
thrombospondin inhibit platelet aggregation. Biochem Biophys Res 
Commun 124:290, 1984 

25. George JN: Studies on platelet plasma membranes. Quantita- 
tive analysis of platelet glycoproteins by ('*°!)-diazotized diiodosul- 
fanilic acid labeling and SDS-polyacrylamide gel electrophoresis. J 
Lab Clin Med 92:430, 1978 

26. Phillips DR, Jennings LK, Prasanna HR: Ca’*-mediated 
association of glycoprotein G (thrombin-sensitive protein, thrombo- 
spondin) with human platelets. J Biol Chem 255:11629, 1980 

27. Hourdille P, Hasitz M, Belloc F, Nurden A: Immunocyto- 
chemical study of the binding of fibrinogen and thrombospondin to 
ADP- and thrombin-stimulated human platelets. Blood 65:912, 
1985 

28. Aiken M, Ginsberg M, Plow E: Surface expression of throm- 
bospondin (TSP) on stimulated and resting platelets. Blood 66:300a, 
1985 (abstr) 

29. Switalska HI, Niewiarowski S, Tuszynski GP, Rucinski B, 
Schmaier AH, Morinelli TA, Cierniewski CS: Radioimmunoassay 
of human platelet thrombospondin: Different patterns of thrombo- 
spondin and §-thromboglobulin antigen secretion and clearance 
from the circulation. J Lab Clin Med 106:690, 1985 

30. Gartner TK, Doyle MJ, Mosher DF: Effect of anti-thrombo- 
spondin antibodies on the hemagglutination activities of the endoge- 
nous platelet lectin and thrombospondin. Thromb Haemost 52:354, 
1984 

31. Wolff R, Plow EF, Ginsberg MH: Interaction of thrombo- 
spondin with resting and stimulated human platelets. J Biol Chem 
261:6840, 1986 

32. Wencel-Drake JD, Plow EF, Zimmerman TS, Painter RG, 
Ginsberg, MH: Immunofluorescent localization of adhesive glyco- 


AIKEN, GINSBERG, AND PLOW 


proteins in resting and thrombin-stimulated platelets. Am J Pathol 
115:156, 1984 

33. Shadle PJ, Ginsberg MH, Plow EF, and Barondes SH: 
Platelet collagen adhesion: Inhibition by a monoclonal antibody that 
binds glycoprotein Hb. J Cell Biol 99:2056, 1984 

34. Ey PL, Prowse SJ, Jenkin CR: Isolation of pure IgG,, IgG 
and IgG,, immunoglobulins from mouse serum using protein A- 
Sepharose. Immunochemistry 15:429, 1978 

35. McConahey PJ, Dixon F: A method of trace iodination of 
proteins for immunological studies. Int Arch Allergy 29:185, 1962 

36. Marguerie GA, Edgington TS, Plow EF: Interaction of 
fibrinogen with its platelet receptor as part of multistep reaction in 
ADP-induced platelet aggregation. J Biel Chem 255:154, 1980 

37. Plow EF, Marguerie GA: Inhibition of fibrinogen binding to 
human platelets of the tetrapeptide Gly-Pro-Arg-Pro. Proc Natl 
Acad Sci USA 79:3711, 1982 

38. Marguerie GA, Plow EF, Edgisgton TS: Human platelets 
possess an inducible and saturable receptor for fibrinogen. J Biol 
Chem 254:5357, 1979 

39. Munson PJ, Rodbard D: LIGAND: A versatile computerized 
approach for characterization of ligand-binding systems. Anal Bio- 
chem 107:220, 1980 

40. Laemmli UK: Cleavage of structural proteins during the 
assembly of the head of bacteriophage T4, Nature 227:680, 1970 

41, Towbin H, Staechelin T, Gordon J: Transfer to proteins from 
polyacrylamide gels to nitrocellulose sheets: Procedure and some 
applications. Proc Natl Acad Sci USA 76:4350, 1979 

42. Johnson DA, Gautsch JW, Sportsman JR, Elder JH: 
Improved technique utilizing nonfat dry milk for analysis of proteins 
and nucleic acids transferred to nitrocellulose. Gene Analysis Tech- 
niques 1:3, 1984 

43. Wencel-Drake JD, Painter RG, Zimmerman TS, Ginsberg 
MH: Ultrastructural localization of human platelet thrombospon- 
din, fibrinogen, fibronectin and von Willebrand factor in frozen thin 
section. Blood 65:929, 1985 

44. Lawler J, Chao FC, Cohen CM: Evidence for calcium- 
sensitive structure in platelet thrombospondin: Isolation and partial 
characterization of thrombospondin in the presence of calcium. J 
Biol Chem 257:12257, 1982 

45. Lawler JW, Slayter HS: The release of heparin binding 
peptides from platelet thrombospondin by proteolytic action of 
thrombin, plasmin and trypsin. Thromb Res 22:267, 1981 

46. Nanninga B, Kempen R: Role of magnesium and calcium in 
the first and second contraction of glycerin-extracted muscle fibers. 
Biochemistry 10:2449, 1971 

47. Gartner TK, Walz DA: The erythrocyte binding domain of 
the endogenous platelet lectin (thrombospondin) is on the heparin 
binding fragment of thrombospondin. J Cell Biol 99:179a, 1984 
(abstr) 

48. Silverstein RL, Nachman RL: Thrombospondin binds to 
monocytes-macrophages: Modualtion of plasmin generation. Clin 
Res 37:665A, 1986 (abstr) 

49. Ginsberg MH, Wencel JD, White JG, Plow EF: Binding of 
fibronectin to a-granule-deficient platelets. J Cell Biol 97:571, 1983 

50. Booth WJ, Castaldi PA, Berndt MC: Platelet thrombospon- 
din hemagglutinin activity is due to aggregate formation. Thromb 
Res 39:29, 1985 


Preclinical Assessment of Purging With VP-16-213: Key Role for Long-Term 
Marrow Cultures 


By Brian H. Kushner, Jong-Hyo Kwon, Subhash C. Gulati, and Hugo Castro-Malaspina 


An evaluation of the effects of VP-16 on normal human 
marrow celis and representative lymphoma-leukemia cell 
lines was performed to assess this agent's applicability to 
ex vivo marrow purging. Tumoricidal dose curves were 
defined using malignant lymphoid ({SK-DHL2 and Reh) and 
myeloid (HL-60) cells admixed with a 20-fold excess of 
irradiated marrow cells to simulate a borderline remission 
marrow. One-hour treatments yielded ID, of <5 umol/L of 
VP-16 for clonogenic units from each cell line; rare-to-zero 
clonogenic units survived exposure to 50 to 100 pmol/L. 
CFU-Mix, BFU-E, and CFU-GM were equal in their sensitiv- 
ity to VP-16 (ID,,s 25 to 30 umol/L). Marrows treated with 
75 mol/L were completely depleted of these colony- 
forming cells but produced CFU-GM in one-stage long-term 


HE FEASIBILITY of eliminating neoplastic cells from 
harvested bone marrow’ has spurred the use of myelo- 
ablative chemoradiotherapy with autologous marrow rescue. 
Immunologic’* or pharmacologic'** manipulations exploit 
differential features or sensitivities of malignant cells to 
maximize antineoplastic impact while preserving hemato- 
poietic stem cells needed for hematologic recovery post- 
transplant. Noxious effects on marrow stromal cells in the 
autograft pose an additional concern.’ The intravenous trans- 
plantability of these cells and the replacement of host stroma 
by cells of donor origin remain unsettled points*"? but may 
prove to be key issues if evolving myeloablative regimens are 
found to impair the marrow microenvironment’s hemato- 
poietic supportive functions. 

Purging methods differ in terms of these objectives. For 
example, although monoclonal reagents and complement 
spare normal hematopoietic and stromal cells, their antineo- 
plastic effect may be blunted by excess marrow.” Con- 
versely, chemopurification reliably eliminates tumor cells 
despite excess marrow, but it also depletes hematopoiet- 
icti and, to a lesser degree, marrow stromal progenitors." 

VP-16-213 (VP-16), an active anti-lymphoma/leukemia 
derivative of podophyllotoxin, arrests cells in late S or early 
G, phase.'*'’ A linear relation between VP-16 dosage and 
greater antineoplastic effect, plus its in vitro activity, make 
VP-16 an attractive candidate for marrow purging. To 
explore this potential, we correlated the effects of VP-16 on 
the hematopoietic and stromal compartments of human bone 
marrow with its toxicity on representative lymphoma-leuke- 
mia cell lines. The studies support a role for VP-16 in purging 
and highlight the usefulness of long-term marrow cultures 
(LTMCs) for preclinical assessments of purging regimens. 


MATERIALS AND METHODS 
Cells and Incubation Procedure 


Heparinized bone marrow aspirates from the iliac crests of 
healthy volunteers who gave informed written consent were centri- 
fuged at 200 g for 10 minutes. Buffy coat cells were then suspended 
in a-medium (Flow Laboratories, Hamden, CT) with 10% heat- 
inactivated fetal calf serum (FCS). 

Neoplastic targets included: (a) SK-DHL2, a B cell lymphoma 
line with an 8;14 translocation’; (b) a common ALL antigen 


Blood, Vol 69, No 1 (January), 1987: pp 65-71 


marrow cultures (LTMCs). This dose had little adverse 
effect on the proliferative capacity of marrow stromal 
progenitors, as measured by CFU-F (ID, 271 mol/L) and 
by the unperturbed development of adherent layers in 
LTMCs. Furthermore, these stromal layers were able to 
support hematopoiesis as well as controls in co-culture 
experiments with autologous marrow cells {two-stage 
LTMCs). In conclusion, doses of VP-16 that cleanse mar- 
row of lymphoma-leukemia celis spare hematopoietic and 
stromal progenitors as demonstrated by LTMCs. These 
data favor the use of VP-16 in the clinical autotransplant 
setting. 

® 1987 by Grune & Stratton, Inc. 


(CALLA +), non-T, non-B acute lymphoblastic leukemia cell line”: 
and (c) HL-60, a promyelocytic leukemia cell line.” Cells were kept 
at 37 °C ina humidified 5% CO, atmosphere and were maintained in 
exponential growth in RPMI 1640 (GIBCO, Grand Island, NY) 
with 10% FCS, 1% penicillin:streptomycin:neomycin (PSN), and 1% 
glutamine (GIBCO). 

VP-16 (Bristol, Syracuse, NY) was diluted with calcium- and 
magnesium-free phosphate-buffered saline (PBS) immediately 
before use. Marrow buffy coat cells at 5 or 20 x 10°/mL of 
a-medium with 10% FCS, and neoplastic cells (alone or admixed 
with a 20-fold excess of irradiated [4,000 rad] marrow cells} at 
I x 10°/mL of RPMI 1640 with 10% FCS, were incubated at 37 °C 
for 1 hour with graded doses of VP-16 or medium control, washed 
three times and collected for use. 


Culture Techniques 


Lymphoma-leukemia colony-forming ceils. Because of prelim- 
inary studies that showed suboptimal colony size and reduced 
plating efficiency when treated neoplastic cells were cultured at 
more than 10°/mL, 200 and 10° untreated or 10? and 10° treated 
lymphoma-leukemia cells in 1 mL of culture medium were plated in 
quadruplicate onto I-mL underlayers prepared in 35-mm dishes 
(Lux Scientific Co, Newburg, CA). The culture medium consisted 
of 1.08% methylcellulose in RPMI 1640 with 20% FCS, i% PSN, 
and 1% glutamine; the underlayers consisted of 0.5% agar in 
McCoy's 5A medium with 20% FCS and 1% PSN, but no feeder 
cells. Cultures were incubated at 37°C in a humidified 5% CO, 
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atmosphere and scored for colonies (>50 cells/aggregate) on day 
10. 

Granulocyte-macrophage colony-forming cells. | Control or VP- 
16-treated marrow buffy coat cells were cultured as described'* in 
quadruplicate in 35-mm dishes (Corning Glass Works, Corning, 
NY) at 2 x 10°/mL of 0.3% agar in supplemented McCoy’s 5A 
medium and 10% FCS; in each dish, 0.1 mL of medium conditioned 
by the 5637 bladder carcinoma cell line stimulated colony forma- 
tion.” CFU-GM (> 50 cells/aggregate) were scored on day 7, 

Multilineage and erythroid colony-forming cells. Mononuclear 
cells were recovered from control and VP-16—treated marrow buffy 
coat cells by neutral density centrifugation in an isotonic sterile 
Percoll solution (1.074 g/mL, 270 mOsm) (Pharmacia, Piscataway, 
NJ) and were cultured, as described,” in quadruplicate in 35-mm 
dishes (Lux) at 0.5 to 1.0 x 10°/mL of 1% methylcellulose in 
Iscove’s modified Dulbecco's medium (IMDM) with 30% human 
plasma, 10% phytohemagglutinin-stimulated leukocyte-conditioned 
medium, 5 x 107° mol/L of 2-mercaptoethanol, and 1 U of human 
recombinant erythropoietin (AMGen, Thousand Oaks, CA). CFU- 
Mix and BFU-E were scored on day 14. Random colonies were 
plucked and stained with Wright-Giemsa solution for verification of 
cellular composition. 

CFU-GM generation in one-stage LTMCs. Twenty x 10° con- 
trol or VP-16-treated marrow buffy coat cells suspended in 10 mL of 
medium were inoculated into T-25 flasks (Corning) which were 
gassed with 5% CO, in air, and kept at 33 °C. The LTMC medium 
consisted of supplemented McCoy’s 5A medium,'* 12.5% horse 
serum, 12.5% FCS, and 10°* mol/L of hydrocortisone sodium 
succinate. On day 5, supernatants were purged of erythrocytes and 
mature myeloid cells by Percoll separation; the mononuclear cells 
were returned to their flasks in fresh medium. Half of the superna- 
tant was removed weekly and the cells in suspension were assayed for 
CFU-GM. At week 7, adherent layers were suspended, as 
described," using a nontoxic 0.01% (wt/vol) Ca’-free and Mg?-free 
trypsin (GIBCO) solution to determine their CFU-Mix, BFU-E, 
and CFU-GM content. 

Fibroblast colony-forming cells. Five x 10° control or VP-16— 
treated marrow buffy coat cells in 20-mL of a-medium with 20% 
FCS were set up in T-75 flasks (Corning), which were gassed with 
5% CO, in air and kept at 37 °C. Medium was renewed on day 4. 
Cultures were stopped on day 10, stained with Wright-Giemsa 
solution, and scored for CFU-F (>50 cells/aggregate).”*. 
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Stromal layers in LTMCs. Yo monitor the kinetics of stromal 
layer development, the extent of Rask coverage by an interlocking 
network of cells was estimated weekly by phase microscopy. Cellular 
composition was assessed in situ by immunofluorescence methods as 
described.'* Fibroblasts were identified by rabbit antibodies to 
fibronectin (Bethesda Research Laboratory, Gaithersburg, MD) 
and to type IH collagen (kindly provided by Dr H. Furthmayr, Yale 
University). Endothelial cells and macrophages were identified by 
mouse monoclonal antibodies (Australian Monoclonal Develop- 
ment, Antarmon, Australia) to factor VI I-related protein and to 
human monocytes/macrophages, respectively. Lipid-containing 
cells were distinguished by their morphology. 

To assess the hematopoietic supportive capacity of stromal layers 
established from VP-16—treated marrow, all suspension cells were 
removed from 5-week-old LTMCs and 15 x 10° freshly isolated 
nonadherent light-density (NAL) autologous marrow cells were 
added. NAL cells were obtained by Percoll separation followed by 
12-hour adherence in T-75 flasks. The two-stage LTMCs were 
demipopulated weekly for determination of CFU-GM content, 
Controls included: (a) cell-free LTMC medium on stromal layers 
from untreated and VP-!6-treated marrow, (b) NAL cells in 
LTMC medium without stromal layers, and (c) NAL cells on 
stromal layers from untreated marrow. 


RESULTS 
Effect of VP-16 on Clonogenic Lymphoma-Leukemia Cells 


VP-16 exerted a dose-dependent killing of clonogenic 
lymphoma-leukemia cells (Fig 1). In the absence or presence 
of a 20-fold excess of irradiated marrow cells during the 
l-hour incubation period, the dose of VP-16 that inhibited 
50% (IDa) and 90% (IDy) of colony growth for all three cell 
lines was <5 wmol/L and <10 pmol/L, respectively. Rare- 
to-zero clonogenic SK-DHL2 and Reh cells survived treat- 
ments with 50 to 100 pmol/L of VP-16; these doses elimi- 
nated all clonogenic HL-60 cells. 


Effect of VP-16 on Hematopoietic Colony-Forming Cells 


Recovery of hematopoietic progenitors was dose and cell 
concentration dependeat. When marrow buffy coat cells 


100 
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Fig1. Comparison of the effect of VP-16 on lymphoma-leukemia cells (A) and hematopoietic progenitor cells (B). Mixtures containing 
1 x 10° neoplastic cells and 2 x 10° irradiated marrow cells per milliliter were incubated with VP-16, washed, and plated for clonogenic 
units. Results shown are the mean of four experiments for each cell line. Controls (mean + SEM) were: SK-DHL2, 1713 + 554: Reh, 
2272 + 646: HL-60, 2172 + 697. In separate studies, normal marrow at 20 x 10° celis/mL was incubated with VP-16, washed, and 
assayed for colony-forming cells. Results shown are the mean (SEM < =6%) of four (CFU-Mix, BFU-E) and six (CFU-GM) experiments. 
Controls were: CFU-Mix, 10 + 2; BFU-E, 69 + 6: and CFU-GM, 101 + 11. Note the greater sensitivity to VP-16 of neoplastic cells (ID,,s 
<5umol/L) v normal hematopoietic progenitors (ID, 9s 25 to 30 umol/L), and the similarity in dose-response curves of CFU-Mix, BFU-E, and 


CFU-GM. 
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Table 1. influence of Untreated Marrow Celis on Hematopoietic Cell Growth From VP-16—Treated Human Bone Marrow 


VP-16-Treated* :Untreated 


CFU-Mix per 4 x 10° Celist 


Ratio of Cultured Cells Observed Expected O/E 
3:0 1.0 — — 
2:1 3.7 4.3 0.82 
1:1 7.0 6.0 1.20 
1:2 7.0 7.7 0.91 
0:3 11.0 — a 


BFU-E per 10° Ceils¢ 


SALARIES AAAI ALA AM ER EOE 


CFU-GM per 10° Calist 


Observed Expected O/E Observed Expected OVE 
7.3 — a 8.3 ome suas 
23.7 26.4 0.90 36.7 39.9 0.92 
34.3 36.3 0.94 53.0 56.2 0.94 
47.7 46.2 1.03 71.0 724 0.98 
65.3 — — 104.0 — eae 


O/E, observed/expected ratio. 


* Marrow buffy coat cells were treated at 20 x 10°/mL with 50 pmol/L of VP-16 for 1 hour. 


Low-density mononuclear marrow cells. 
{Marrow buffy coat cells. 


were treated at 20 x 10°/mL, ID, of the growth of CFU- 
Mix, BFU-E, and CFU-GM were 25 to 30 wmol/L of VP-16, 
and colony growth was completely abolished by 75 wmol/L 
(Fig 1). In contrast, after treatment at the lower cell 
concentration of 5 x 10°/mL, the ID,, of CFU-GM was 12.5 
mmol/L, and all colony growth was inhibited by 50 umol/L 
(data not shown). 

To rule out drug carryover into the culture medium or an 
accessory cell phenomenon, VP-16—treated marrow cells 
were mixed at different ratios with untreated controls and 
plated for CFU-Mix, BFU-E, and CFU-GM. The observed 
numbers of colonies were within the range expected (Table 


1). 


CFU-GM Production in One-Stage LTMCs 


The marrow cell concentration during incubation with 
VP-16 significantly affected the CFU-GM production in 
LTMCs. LTMCs derived from marrow suspensions treated 
with 75 and 50 pmol/L at 20 x 10° and 5 x 10° cells/mL, 
respectively—and therefore containing no CFU-Mix, BFU- 
E, or CFU-GM as measured by direct assay in semisolid 
medium-——-generated CFU-GM for 4 to 7 weeks (Fig 2). No 
progenitors were detected in either the adherent or the 
nonadherent fractions of LTMCs established from marrow 
exposed to 100 mol/L of VP-16. 

CFU-GM production in one-stage LTMCs established 
from control and VP-16-treated marrow is summarized in 
Table 2. Mean cumulative 5-week CFU-GM yields from 
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3 
3 
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~ 
in 
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Fig2. CFU-GM production in one-stage long-term %5 
marrow cultures (LTMCs) derived from control and 5 102 
VP-16-treated marrow. In these representative E 
experiments, no corrections were made for weekly 2 
demipopulations. Note the prolonged recovery of i 


CFU-GM from LTMCs established with marrow which 
at the time of LTMC initiation contained no directly o 
measurable hematopoietic progenitors. 


LTMCs initiated with marrow incubated at 20 x 10° cells/ 
mL and treated with 25, 50, and 75 wmol/L of VP-16 were 
60%, 18%, and 3%, respectively, of controls. Cumulative 
5-week CFU-GM yields after treatments with 0, 25, 50, and 
75 pmol/L were, respectively, 127%, 153%, 290%, and a 
much higher but indeterminate percentage of the CFU-GM 
content present at the time of LTMC initiation. 

LTMCs derived from marrow incubated with 25 and 50 
pmol/L of VP-16 at 5 x 10° cells/mL produced mean cumu- 
lative 5-week CFU-GM yields of 42% and 3%, respectively, 
of controls (Table 2). Treatments at 5 x 10° cells/mL with 0, 
25, and 50 wmol/L resulted in LTMC cumulative 5-week 
CFU-GM yields that were 114%, 251%, and again a higher 
but indeterminate percentage of the respective CFU-GM 
numbers of the initiating inocula. 


Effect of VP-16 on Marrow Stromal Cell 
Proliferative Capacity 


CFU-F inhibition by VP-16 was dose and cell concentra- 
tion dependent (Fig 3). Increasing doses of VP-16 caused an 
exponential decrease in CFU-F recovery. Treatments at a 
high cell concentration produced less cytotoxicity: IDs of 
CFU-F growth were 271 and 180 uwmol/L of VP-16 after 
incubations at 20 x 10° cells/mL and 5 x 10° cells/mL, 
respectively. 

Marrow treated with up to 75 wmol/L of VP-16 and then 
inoculated for LTMCs gave rise to confluent stromal layers 
at a rate comparable to that of untreated marrow, ie, within 3 
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Table 2. CFU-GM Yield From One-Stage Long-term Marrow Cultures Established From Control 
and VP-16—Treated Marrow Suspensions 


Medium 
Week Control 


Treatment at 20 x 10° cells/mL 


O (Initial inoculum) 18,972 + 4,870 
1 8,545 + 578 
2 10,990 + 1,420 
3 3,900 + 171 
4 519 + 15 
5 86 + 21 
Cumulative yield 24,040 
Yield as percentage of 

control cultures 100% 
Yield as percentage of 

CFU-GM inoculum 127% 


Treatment at § x 10° cells/mL 


O (Initial inoculum) 16,675 + 589 
1 10,833 + 441 
2 6,718 + 1,483 
3 695 + 67 
4 624 + 41 
5 203 + 48 
Cumulative yield 19,073 
Yield as percentage of 

control cultures 100% 
Yield as percentage of 

CFU-GM inoculum 114% 


VP-16 (umol/L)} 

28 50 75 
9,470 + 1,590 1,469 + 156 0 
5,698 + 477 1,684 + 146 310 + 110 
6,622 + 817 1,945 + 845 220 = 55 
1,890 + 759 510 + 170 73 + 10 

259 + 117 102 + 53 10+ 5 
58 + 12 54+7 724 
14,527 4,295 620 

60% 18% 3% 

153% 292% one A 
3,233 + 400 0 0 
3,519 + 581 234 + 67 $ 
3,590 + 739 190 + 5 0 

587 + 191 25 +5 © 

238 + 92 26 +8 ($: 

193 + 40 29 + 10 0 
8,127 504 3) 

42% 3% 0% 
251% —* O% 





Mean + SEM of four separate experiments at each treatment cell concentration. No corrections were made for weekly demipopulations. No CFU-GM 
were detected in cultures derived from marrow treated with 100 ymol/L of VP-16 (data not shown). 


*Because the denominator is zero, an exact figure cannot be affixed here. 


to 4 weeks, and, as determined by immunofluorescence 
methods, contained fibroblasts, lipid-containing cells, and 
macrophages, with rare endothelial cells. Treatments with 
>100 pmol/L of VP-16 delayed the attainment of confluence 
(Fig 4). 
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Fig 3. Survival curves for CFU-F after treatment with VP-16. 


Results shown are the mean = SEM of five experiments at each 
cell concentration. The control CFU-F was 123 + 9. 





Functional Evaluation of Stromal Layers: CFU-GM 
Recovery From Two-Stage LTMCs 


To evaluate their capacity to support hematopoiesis, con- 
fluent stromal layers were co-cultured with an autologous 
hematopoietic-cell-enriched marrow inoculum (NAL cells). 
CFU-GM recovery was comparable in two-stage LTMCs 
containing stromal layers derived from untreated and treated 
(up to 100 pmol/L of VP-16) marrow and was greater and 
more prolonged than that noted when NAL cells were 
cultured as controls in flasks lacking stromal layers (Fig 5). 
CFU-GM were not detected in LTMCs to which NAL cells 
were not added. 


DISCUSSION 


Data presented herein delineate a differential sensitivity to 
VP-16 of normal marrow cells as compared with neoplastic 
cells and therefore support a role for VP-16 in marrow 
purging. Tumoricidal doses were cefined using representa- 
tive malignant lymphoid and myeloid cell lines. Neoplastic 
cells were treated alone or admixed with irradiated marrow 
cells in a simulated borderline remission situation. Treat- 
ments with 50 to 100 pmol/L of VP-16 eliminated clono- 
genic malignant cells in the presence or absence of excess 
marrow. 

After incubation of normal marrow with these doses, 
CFU-Mix, BFU-E, and CFU-GM were undetectable by 
direct assay in semisolid medium. Experiments mixing 
untreated and treated marrow made an accessory cell phe- 
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Fig 4. Kinetics of stromal layer development in 

long-term marrow cultures derived from control and 25| 


VP-16-treated marrow. Results shown are the mean 

of five experiments. Stromal layers established from 

marrow incubated with 250 to 500 umol/L of VP-16 

were devoid of macrophages and endothelial cells but O 
eventually attained confluence due to proliferation of 

fibrobiasts and lipid-containing cells. 


nomenon an unlikely cause for the dose-dependent depletion 
of these progenitors. Colony assays have, however, been 
largely discredited as predictive of hematopoietic reconstitu- 
tion capacity, since infusion of chemopurified marrow con- 
taining no detectable CFU-GM produces hematologic recov- 
ery in transplant patients pretreated with myeloablative 
chemoradiotherapy.® 

LTMCs provide an alternate means for studying hemato- 
poietic progenitors in vitro.’**?’ Increasing doses of VP-16 
resulted in progressively greater LTMC cumulative CFU- 
GM yields relative to the CFU-GM numbers present at 
culture initiation. Moreover, prolonged generation of CFU- 
GM occurred in LTMCs established from marrow exposed to 
doses of VP-16 that abolish CFU-Mix, BFU-E, and CFU- 
GM in direct assays. These findings may reflect the survival of 
a pre~-CFU-Mix population resistant to doses of VP-16 that 
are toxic to more mature progenitors. This interpretation 
presents the LTMC system as a sensitive indicator of early 
hematopoietic precursor cell viability, as previously suggested 
by experiments in which marrow depleted of CFU-GM and 
BFU-E by complement and anti-Ia antibody generated these 
progenitors in LTMCs.’**”’ Alternatively, specific features of 
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the LTMC system—for example, the presence of metaboli- 
cally active stromal cells, or an extended time-frame that 
allows the repair of nonlethally injured cells or the recruitment 
of noncycling progenitors”—may account for the detection of 
CFU-GM that go unidentified in semisolid medium assays. 
Fither interpretation makes the LTMC system a valuable tool 
for estimating hematopoietic cell survival in an ex vivo chemo- 
manipulated marrow. 

Only very high concentrations of VP-16 (ie, 100 to 500 
umol/L) retarded the development and affected the compo- 
sition of LTMC adherent layers which normally contain cell 
types,” such as fibroblasts, lipid-containing cells, macro- 
phages, and endothelial cells, that resemble those found in 
marrow studied in situ.'' The largely fibroblastic nature of 
adherent layers derived from marrow treated with these 
doses of VP-16 reflects a resilience of CFU-F (IDa 271 
mol/L), progenitors of the quantitatively predominant 
marrow stromal cell, that contrasts with hematopoietic pro- 
genitors (ID. 25 wmol/L) and with clonogenic lymphoma- 
leukemia cells (ID,, <5 umol/L). The heterogeneous adher- 
ent layers in LTMCs derived from untreated marrow may be 
viewed as a model for the in vivo marrow microenvironment 






Fig 5. Hematopoietic supportive capacity of long- 
term marrow culture stromal layers derived fram 
control and VP-16—treated marrow. In this represen- 
tative experiment, stromal layers were seeded with 
NAL ceils containing 16.5 x 10° CFU-GM. VP-16- 
treated marrow gave rise to stromal layers that sus- 
tained hematopoietic cells as well as controls. Note 
the sharper decline in CFU-GM in the absence of 
stromal layers. 
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because, in addition to a compositional similarity, these 
layers demonstrate a hematopoietic supportive capacity.” 
VP-16 in doses up to 100 „mol/L did not impair this 
functional property, as tested in the two-stage LTMC system 
which showed that stromal layers established from VP- 
[6—-treated marrow can sustain hematopoietic cells as well as 
controls. 

Although data from LTMCs encourage purging possibly 
contaminated marrow with doses of VP-16 higher than those 
defined as safe by standard myeloid progenitor cell assays, 
the adequacy of the antineoplastic effect of these higher 
doses (ie, 50 to 75 umol/L) remains problematical. Extrapo- 
lation to the actual autotransplant setting of data generated 
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with cell lines requires caution since the homogeneity and the 
high proliferative state of the neoplastic cells, plus their lack 
of prior exposure to chemotherapeutic agents, promote peak 
tumoricidal effect. However, the greater tumor burden in the 
borderline remission marrow model as compared with that 
aimed for clinically also deserves emphasis. Resolution of 
this issue, as well as certitude that these doses of VP-16 are 
sufficiently sparing of the pluripotent stem cell compartment 
so as not to jeopardize posttransplant hematologic recovery, 
await clinical correlations. Until these points are settled, the 
efficacy of VP-16 against lymphoma-leukemia cells ex vivo 
might best be exploited in combination with other drugs ” 
or with immunologically mediated purging mechanisms.” 
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Induction of NK Activity in Large Granular Lymphocyte Leukemia: 
Activation With Anti-CD3 Monoclonal Antibody and Interleukin 2 


By Thomas P. Loughran, Jr, Kevin E. Draves, Gordon Starkebaum, Pamela Kidd, and Edward A. Clark 


Large granular lymphocyte (LGL) leukemia is a rare disease 
characterized by clonal expansion of LGL associated with 
chronic neutropenia, multiple auto-antibodies, and occa- 
sionally polyarthritis. We studied cell surface antigen 
expression and functional activity of leukemic LGL from ten 
such patients. Using two-color flow cytometric analysis, 
we found that leukemic LGL from all ten patients 
expressed the CD3 and HNK-1 markers, while celis from 
only four patients expressed IgG Fe receptors (FcR). The 
LGL leukemic cells had little or no NK activity (defined as 
MHC-nonrestricted cytotoxicity against K562 target cells); 
however, NK activity could be induced in leukemic LGL by 
in vitro treatment with as little as 0.05 ug/mL of anti-CD3 
monoclonal antibody. Cell sorting experiments demon- 


SYNDROME of chronic neutropenia associated with 

increased numbers of large granular lymphocytes 
(LGL) has been identified recently.' In some of these 
patients this disease results from a clonal expansion of LGL 
that is clinically associated with a variety of autoimmune 
phenomena.” Some of these patients form a subgroup of 
Felty’s syndrome.** The CD3(T3)+, HNK-1+ phenotype 
of the leukemic LGL associated with low natural killer (NK) 
activity in vitro suggests that these cells may have arisen 
from normal splenic LGL.°* In other diseases studies of 
neoplastic cells “frozen” at stages of maturation have pro- 
vided important clues concerning the differentiation of their 
normal counterparts.’'® Therefore, LGL leukemia may pro- 
vide a model for the analysis of LGL differentiation. In this 
study, we utilized two-color immunofluorescent flow cytome- 
try analyses together with a variety of in vitro induction 
systems to examine maturation of leukemic LGL. Our 
results show that CD3+ leukemic LGL can be directly 
induced to acquire NK function using either anti-CD3 
monoclonal antibody (MAb) or interleukin 2 (IL 2). 
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strated that NK activity was induced in CD3+ leukemic 
LGL {either CD3+, HNK-1+ or CD3+, FcR+} with anti- 
CD3 monoclonal antibody but not in normal CD3+, FcR — T 
cells. Treatment with purified interleukin 2 (iL 2) also 
caused direct activation of some CD3+ leukemic LGL. 
Despite induction with anti-CD3 MAb or iL 2, activated 
leukemic LGL did not proliferate or express high density IL 
2 receptors detectable by cell sorter analysis. Treatment 
with alpha interferon had minimal effect on NK activity of 
LGL leukemic cells. These results suggest that leukemic 
LGL may provide a useful model for examining the signals 
required for LGL maturation and activation. 

e 1987 by Grune & Stratton, Inc. 


METHODS 


Patients. Patients were referred for evaluation of chronic lym- 
phocytosis or neutropenia; three patients had polyarthritis, five had 
recurrent infections. Clinical details of patients 1, 6, 9, and 10 have 
been previously described.** Examination of Wright-Giemsa stained 
blood smears showed that all patients had markedly increased 
numbers of LGL (LGL counts ranged from 1,700 to 20,000 cells/ 
mm7; normal values in our laboratory: 223 + 99 cells/mm’, n = 10). 
Chronic neutropenia (<!800 neutrophils/mm’) was present in all 
patients with the exception of patient 5 who had a normal neutrophil 
count. Patient 2 had acquired cyclic neutropenia. All patients were 
studied on protocols approved by the Human Subjects Review 
Committee of Fred Hutchinson Cancer Research Center or the 
University of Washington. 

Lymphocyte phenotyping. Peripheral blood or splenic mononn- 
clear cells were isolated by Ficoll-Hypaque (Pharmacia, Piscataway, 
NJ) density gradient centrifugation and studied for expression of 
cell surface antigens using an EPICS 5 flow cytometer (Coulter 
Corporation, Hialeah, Fla) with direct one-color and two-color 
analysis using a panel of fluorescein-conjugated or R-phycoerythrin 
(PE)—conjugated mouse MAb, as previously described.'' Normal 
human splenic tissue was obtained at time of harvesting of cadaveric 
kidneys for renal transplantation. The antigens recognized by the 
MAb are described using the current World Health Organization 
approved international nomenclature.’ The following MAb have 
been verified by international workshop analyses: Dr Jeff Ledbetter 
(Oncogen Corporation, Seattle) kindly provided the G19-4 anti- 
CD3(T3), G17-2 anti-CD4(T4), and G10-1 anti-CD8 (T8) antibod- 
ies; Dr John Hansen (Fred Hutchinson Cancer Research Center, 
Seattle) kindly provided the 9.6 anti-CD2 (E-rosette receptor) and 
the 60.3 antibody to the Lp95-150 (LFA-1 associated) complex." Dr 
Toru Abo (University of Alabama, Birmingham, Ala) provided 
HNK-1.'* The HB10a MAb reacts with a major histocompatibility 
complex monomorphic determinant on Class I beta chains!’ while 
the FC-1 MAb recognizes IgG Fe receptors (FcR; CD16) found on 
NK cells. Competitive binding experiments show that FCI recog- 
nizes an FcR epitope also recognized by Leu-11. The 3AC5 MAb 
recognizes a 220,000 dalton polypeptide (Lp220) of the T200 
complex expressed on a subset of T helper cells.'* A high affinity (Ka 
approximately 10° to 10’? mmol~') MAb 2A3 recognizing high- 
density IL 2 receptor (CD25) was purchased from Becton Dickinson 
(Mountain View, Calif) as a fluorescein conjugate.” 

Cytotoxicity assay. Peripheral blood mononuclear cells were 
assessed for NK activity against the CD3 — erythroleukemia cell line 
K 562 using a four-hour *'Cr-release assay, as previously described.” 
For the sake of clear discussion, we operationally define “NK 
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activity” in this paper as MHC-nonrestricted cytotoxic activity geneity and unusual surface phenotypes were evident in the 
against K562. Lytic units (LU) were calculated as LU per 10° cells leukemic cells: 4 of the 10 patients (1, 3, 8, and 9) had an 
for 30% specific lysis of 10° target cells. abnormally high percentage of cells expressing FcR (CD16), 

Effectors. Mononuclear cells from normals and LGL leukemic while 6 of 10 patients (3, 4, 7, 8, 9, and 10) had increased 
patients were isolated by Ficoll-Hypaque density centrifugation. In expression of HLA-DR on leukemic cells. When the leu- 
some experiments, mononuclear cells were enriched for LGL by a kemic cells were examined by two-color analysis (Table 1, 


modification of the technique of Timonen and Saksela.” In brief, b hale A f. h W 
nylon wool nonadherent mononuclear cells were layered over Percoll ottom), heterogeneity in surface phenotype was even more 


step gradients (65%/60%/55%/50%/45%/40% steps) and centri- evident. For example, many leukemic cells from patients 1, 3, 
fuged for five minutes at 3,000 g at room temperature. Two-color and 8 expressed both CD3 and FcR, a phenotype not 
immunofluorescent flow cytometry analyses of cells from the 50%/ generally seen in normal blood lymphocytes (see below). By 
55% fraction showed 85% to 95% enrichment in leukemic LGL with inference, it was evident that some CD3+, FcR + leukemic 
a CD3 +, HNK-1 + or CD34, FcR + phenotype. However, approxi- cells from patient 3 also expressed the HLA-DR and HNK-1 
mately 5% to 15% of cells in this fraction were CD3+, HNK-1— or markers. Leukemic LGL from patient 5 also had an unusual 
CD3+, FcR —. Consequently, in some experiments two-color immu- phenotype, coexpressing CD4 and HNK-1. 
nofluorescent flow cytometry was utilized to sort for CD3+, A comparison of two-color analyses of normal lymphoid 
HNK-1+ or CD3 +, FeR + leukemic cells. ; a : Soe $ es 
Induction system Fifer cella ae a eoncentenion i tissues to leukemic cells is shown in Fig 1. Normal peripheral 
blood mononuclear cells had few CD3+, HNK-1+ cells and 


10°/mL were incubated at 37 °C in a 95% air/5% CO, humidified | ie 
atmosphere with anti-CD3 MAb, alpha-interferon (IFN; Interferon no detectable CD3+, FeR + cells. Normal splenic cells, in 


Sciences, New Brunswick, NJ), or purified IL 2 that had been made contrast, had large numbers of CD3 +t, HNK-1 -+ cells; in 
lectin-free by chromatographic purification (Lymphocult T-LF, addition, surface antigen levels of HNK-1 were higher on 
Biotest, Frankfurt, West Germany) for various time periods. Kinetic splenic lymphocytes than on peripheral blood mononuclear 
experiments showed that maximal induction occurred after 48 cells. The phenotype of LGL leukemic cells resembled that of 
hours; therefore, subsequent experiments utilized this incubation normal spleen, with large numbers of CD3 +, HNK-1 + cells. 
per pe Based on dose-response a dem a dose of 1 ug/ eae expressing high levels of surface HNK-1. Some leukemias 
sighing AAT WOS uoa j subeaguen: ee AIDES: were CD3 +, FeR + (as illustrated by patient 1), a phenotype 
was used at a concentration of 1,000 units per 10° cells, whereas IL 2 i i : oes 
es not readily detectable in normal peripheral blood or splenic 

was used at an optimum concentration of 1%, except in one } fa Í 
mononuclear cells. It should be noted that leukemic cell 


experiment in patient 2, in which an optimum concentration of 5% l i aor: | 
was used. Other control MAb tested at a concentration of | ug/mL Populations contained some CD3+, HNK- — or FeR~ 


included HB10a, 3AC5 anti-Lp220, and 60.3 anti-Lp 95-150. After Cells, a point discussed in more detail below. 


the incubation period, cells were washed twice, counted, and placed NK activity of LGL leukemic cells. The expression of 
into the NK assay at an appropriate concentration. In addition FcR and HLA-DR antigens has been associated with NK 
two-color immunofluorescent flow cytometry analyses were per- activity in normal cells, ®™” so it was of interest that leukemic 
formed after the induction period. LGL from some patients expressed these markers. Previous- 


ly, we found low NK activity in patients 1, 6, 9, and 10.4 

RESULTS Table 2 shows that NK activity was also low in other 

Cell surface phenotype of LGL leukemic cells. One- patients, including patients whose cells expressed the FeR 

color analysis showed that LGL leukemic cells from all and HLA-DR markers. NK activity in patient 7 was also less 

patients expressed CD2, CD3, CDS, and HNK-1 (Table 1, than normal (data not shown); NK activity in patient 10 was 
top). However, when other markers were examined, hetero- not tested. 


Table 1. One- and Two-Color Fiow Cytometry Analyses of Peripheral Blood Mononuclear Cells From Patients With LGL Leukemia 





Patients (mean % positive cells} 








Antigens 1 2 3 4 5 6 7 8 9 10 Normais* 
CD2 (E-receptor) + 59 95 98 93 79 89 99 91 83 45 Tis 3.7 
CD3 (T3)+ 81 79 84 77 88 90 g5 77 94 30 56 + 6.2 
CD4 (T4) + 12 27 7 12 89 44 6 43 10 12 42 «7.3 
CD5 (T5)+ 4] 69 83 79 94 51 47 73 47 96 69 + 7.3 
CD8 (T8) + 37 75 71 40 7 48 54 40 58 72 2245.2 
HNK- 1 + 65 46 57 59 77 54 54 30 44 41 13 + 3.9 
FcR (CD16) + 73 5 62 4 2 3 5 27 52 4 13 + 6.4 
HLA-DR -+ 6 9 54 42 3 13 85 26 26 89 ii 42.1 
CD3 +, HNK-1+ 56 35 50 ND 56 50 ND ND ND ND 2+ 0.8 
CO3+, FeR + 64 0 52 0 O 2 2 23 ND ND Q 
CD3 +, DR+ O 2 54 41 0 5 5 12 ND ND Q 
CD8 +, HNK-1 + 24 41 56 21 0 33 17 20 ND ND 3z 1.5 
FoR +, HNK-1+ ND+ 1 33 0 0 1 0 5 ND ND 4+ 2.4 
FoR +, OR + ND 0 54 0 0 0 0 11 ND ND 0 
CD4+, HNK-1+ ND ND ND ND 58 ND ND ND ND ND 0 





PELE ete ited en as rma dairy mcg 


*Normal values shown represent mean + standard deviation in four normal controls. 
tND, not done. 
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Patient 1 





Patient 2 





Fig 1. Two-color immunofluorescence flow cytometry analy- 
ses of mononuclear cells from normal peripheral blood and spleen, 
and from LGL leukemic patients utilizing (A) PE-conjugated anti- 
CD3 MAb (red) versus fluorescein-conjugated HNK-1 MAb (green) 
and (B) PE-conjugated anti-CD3 MAb (red) versus fluorescein- 
conjugated anti-FcR MAb (green). 64 x 64 grid plots represent cell 
numbers on vertical axis versus log of red fluorescence (Y axis) 
versus log of green fluorescence (X axis), with every 4 to 5 dots 
representing approximately a doubling of fluorescence. 


However, we found that LGL leukemic cells could be 
induced to express NK activity by incubation with anti-CD3 
MAb (Table 2). As shown in Fig 2, as little as 50 ng/mL of 
anti-CD3 MAb produced a dramatic increase in NK activity 
(uninduced: LU = 0.001; induced: LU = 1.36). The kinetics 
of augmentation in NK activity are shown in Fig 3. Marked 
increase in NK activity was observed within 24 hours; 
maximum induction occurred by 48 hours and subsequently 
waned. Addition of anti-CD3 MAb at time 0 of a four-hour 
assay had no effect on NK activity, also indicating that an 
induction period was necessary to detect optimal activity. 
Increased NK activity was not accompanied by any obvious 
increased cell proliferation as cell numbers remained con- 
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stant throughout these experiments. A concentration of | 
ug/mL of anti-CD3 MAb and an incubation period of 48 
hours were thus selected as optimum conditions for induc- 
tion. Table 2 shows results of representative experiments 
utilizing this induction system on peripheral blood mononu- 
clear cells from five LGL leukemia patients. In each experi- 
ment there was marked augmentation (9- to > 10,000-fold) 
in NK activity. Of note, this induction was also observed in 
leukemic cells from patients 2, 4, and 5 which did not express 
FcR. Similar results were obtained when MOLT-4 cell line 
was used as target cells (data not shown). Similar experi- 
ments showed that anti-CD3 MAb could also increase NK 
activity in normal peripheral blood mononuciear cells, 
though this effect was generally much less dramatic (1.3- to 
15-fold). 

We then examined the effect of other agents on NK 
induction. As shown in Table 2, NK activity in norma! 
peripheral blood mononuclear cells was also augmented by 
both IFN and IL 2, as previously reported.” IL 2 increased 
NK activity in some LGL leukemic cells, whereas IFN had 
no effect. Three other moncclonal antibodies were also 
examined for their effect on induction (data not shown). 
MAb recognizing the Lp 95-150 molecular complex (60.3) 
decreased NK activity in the LGL leukemic cells, as has been 
described in normal individuals.'? MAb to Lp220 (3ACS5) 
and HLA-DR (HB10a) had little or no effect on NK activity 
in leukemic LGL. 

Since NK activity in peripkeral blood mononuclear cells 
from LGL leukemia patients could be induced by treatment 
with either anti-CD3 MAb or IL 2, we examined whether 
leukemic LGL could be directly activated or whether induc- 
tion depended on the few remaining normal T cells. Similar 
to previous results, anti-CD3 MAb induced NK activity in 


highly purified (85% to 95%) nonadherent low-density 


CD3+, HNK-1+ leukemic LGL from patient i (in two 
separate experiments, uninduced: LU = 0.01 and 0.01, 
respectively; induced: LU = 0.33 and 0.91, respectively). 
Because there was still a small population (5% to 15%) of 
CD3+ cells with a normal T cell phenotype (ie, HNK-1—, 
FcR—) remaining in the enriched LGL leukemic popula- 
tions, it was possible that normal T cells and not the LGL 
leukemia cells were being induced by anti-CD3 MAb or IL 2. 
To exclude that possibility, two-color immunofluorescent 
flow cytometry was utilized to positively sort out CD3 +, 


Table 2. Induction of NK Activity in Peripheral Blood Mononuclear Cells From LGL Leukemia Patients 








NK Activity (LU)* 








Patients Normal 
Treatment 1 2 3 4 5 1 2 3t 
Media only 3.7 0.01 0.07 0.30 <0.001 18.5 6.9 17.2 
Anti-CD3 MAb 33.3 37.0 55.6 50.0 10.9 23.8 >100 46.5 
IFN NOY ND 0.03 0.20 <0.001 33.3 100.0 26.7 
it 2 ND 8.4 6.25 0.43 <0.001 14.9 33.0 33.9 








*LU/10° cells for 30% specific lysis of 10* target cells. NK activity was assessed after 48 hours incubation with media or various agents, except in 
patient 2 where incubation period was 60 hours. NK activity of freshly isolated mononuclear celis from patients 1 to 5 was also assessed at time 0; 
results were similar to those obtained after 48 hours incubation with media alone. Anti-CD3 MAb was used at 1 pg/mL; IFN at 1,000 U/10® cells, and IL 
2 ata final concentration of 1% for all patients, except in patient 2 where IL 2 was used at concentration of 5%. 

tNylon-wool nonadherent cells. 

tND, not done. 
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Fig2. Dose-response characteristics of induction of NK activ- 
ity in leukemic LGL by treatment with anti-CD3 MAb. Leukemic 
LGL were incubated with medium alone or with varying concentra- 
tions of anti-CD3 MAb for 48 hours at 37°C in 5% CO,: 95% 
air-humidified atmosphere. After incubation, cells were washed 
twice, counted, and used as effectors in NK assay. 


FcR+ or CD3+, HNK-1+ leukemic LGL from CD3+, 
FcR— or HNK-1— T cells from patients 3 and 5. While 
CD3+, FcR + leukemic LGL from patient 3 and CD3+, 
HNK-1+ (FcR) leukemic LGL from patient 5 were 
directly activated by anti-CD3 MAb, no induction was seen 
in CD3+ T cells not expressing FeR or HNK-1 from these 
patients (Table 3). In patient 3, CD3+, FcR+ leukemic 
LGL were also directly activated by IL 2; again there was no 
effect of IL 2 on normal FcR — T cells from this patient. 

We then examined whether induction in NK activity was 
associated with a change in surface antigen phenotype of the 
leukemic LGL. Using directly FITC-conjugated MAb and 
flow cytometric analysis, we found that induction with 
anti-CD3 MAb in leukemic LGL from patient 1 with a 
CD3+, HNK-1+, FcR+ phenotype did not change the 
density or frequency of expression of either CD3, HNK-1, 
FeR, or HLA-DR (data not shown). Similarly, there was no 
change in surface antigen expression on induced leukemic 
LGL from patient 5 (CD3+, HNK-1+, FeR —); in particu- 
lar, there was no induction of FcR on these cells (data not 
shown). Augmentation of NK activity by anti-CD3 MAb or 
IL 2 was also not associated with expression of high-density 
IL 2 receptors on HNK-1 + leukemic cells (Fig 4). 


DISCUSSION 


The results of this study demonstrate several new findings 
in LGL leukemia. (1) NK activity (defined as MHC- 
nonrestricted cytotoxicity against K562 target cells) can be 
induced in leukemic LGL following incubation with either 
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Fig 3. 
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anti-CD3 MAb or IL 2; (2) Activation with either anti-CD3 
MAb or IL 2 resulted from a direct effect on CD3+ 
leukemic LGL and did not require CD3 + cells with a normal 
T cell phenotype (ie, CD3+, HNK-1—, FeR ~); (3) Leu- 
kemic LGL and normal lymphocytes differed in their 
response to alpha IFN; and (4) Despite activation with 
anti-CD3 MAb or IL 2, leukemic LGL did not express 
detectable IL 2 receptors. 

Since in other lymphoid malignancies, studies on neoplas- 
tic cells arrested at certain stages of differentiation have 
provided insight into the function of their normal counter- 
parts, ° we examined the phenotype and function of leu- 
kemic LGL. Two-color immunofluorescent flow cytometry 
analyses revealed heterogeneity of phenotypes expressed on 
leukemic LGL. However, in all patients the majority of 
leukemic LGL coexpressed CD3 and HNK-1 and had little 
NK function in vitro. Confirming previous findings, *® we 
found that cells with this phenotype were present in normal 
spleen. Most patients with LGL leukemia have splenomega- 
ly, and previous immunopathologic studies have shown 
involvement of splenic red pulp cords with leukemic CD3 +, 
HNK-1+ cells.** Taken together, these findings suggest a 
splenic origin of this disease. 

Previous studies had referred to this disease as T gamma 
lymphoproliferative disorder, since LGL from these patients 
expressed CD2 and FcR.’ Of note, cells from only four of our 
patients expressed FcR, thought to be a specific NK mark- 
er”! This CD3+, HNK-1+, FeR+ phenotype of some 
leukemic LGL has not been readily detectable in normal 
fetal or adult lymphoid tissue,® although peripheral blood 
mononuclear cells from 3 of 46 presumably normal individu- 
als were found to have >5% circulating CD3+, FeR4 
LGL.” Because of this phenotypic heterogeneity, it would 
seem preferable to us to refer to this disease as LGL 
leukemia rather than T gamma lymphoproliferative disor- 
der. 

Leukemic LGL from these patients had little NK activity 
in vitro, consistent with data showing that normal lympho- 
cytes coexpressing HNK-1 and CD3 (ie, FeR —) have little 
cytotoxicity.'” However, functional maturation in CD3+ 
leukemic LGL could be consistently achieved by treatment 
with anti-CD3 MAb. Anti-CD3 MAb has been reported to 
induce cytotoxic T lymphocyte activity in normal peripheral 
blood mononuclear cells.” Furthermore, induction of cyto- 
toxic activity by anti-CD3 MAb in normal LGL has been 


Kinetics of anti-CD3 MAb-induced augmentation of NK 
activity in leukemic LGL. Anti-CD3 was used at a concentration of 1 
ug/ml; leukemic LGL were cultured at a concentration of 1 x 
10°/mL. Total numbers in culture after 24 hours incubation were: 


11.4 x 10°, media control, and 11.5 x 10°, anti-CD3: after 48 hours: 10.1 x 10°, media control, and 
11.5 x 10°, anti-CD3;: after 72 hours: 11.0 x 10°, media control, and 10.4 x 10° for anti-CD3; and after 
96 hours: 9.6 x 10°, media control, and 9.2 x 10° anti-CD3 cultures. 
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Table 3. induction of NK Activity of CD3+ Leukemic LGL Purified by Cell Sorting 








NK Activity (LU}* 








Patient 3 Patient 5 
Ceil Population Media Anti-CD3 1 2 Media Ane-CD3 
Unsorted 100 151 714 <0,001 O77 
CD3 + Leukemict 143 250 294 <0.001 41.7 
CD3+ Normalt <0.001 <0.001 <0.004 <0.001 0.008 


ee hme EAEE aaaeeeaa 


*LU/10° cells for 30% specific lysis at 10° targets. NK activity was assessed after 48 hours incubation with media or various agents. Anti-CD3 MAb 


was used at 1 ug/mL, and IL 2 at a final concentration of 1%. 


¢+CD3+ “leukemic” cells were obtained by two-color sorting, and defined as either CD3 +, FeR + (patient 3}, or CDO3+, HNK-1 + cells (patient 5). 


Purity of these cell populations was >97% in both cases. 


{CD3+ “normal” cells were CD3+, FcR — cells (patient 3} or CD3 4+, HNK-1-- cells (patient 5} obtained by cell sorting. 


noted, although this effect depended on normal T cells,” in 
contrast to our findings with leukemic LGL. The dose- 
response characteristics of this induction system were similar 
to that seen in normal LGL, with augmentation occurring 
with as little as 10 ng/mL of anti-CD3 and with a plateau 
effect seen at higher concentrations of MAb. Recently 
Lanier et al have induced cytotoxicity by treatment with 
anti-CD3 MAb in CD3+, FcR + cells from short-term IL 
2-dependent cultures derived from normal individuals.” Our 
findings, in addition, demonstrate that CD3+, HNK-1+ 
leukemic LGL that are either FcR+ or FcR~ can be 


Uninduced Induced 






TL-2r (red) only | ' g 


VS 


| | 
HNK-1 (green) | | 
| | | 
Il-2r (red) | | 






Lytic units: 0.00) 

Fig 4. Lack of expression of IL 2 receptor on leukemic LGL 
from patient 1 even after activation with anti-CD3 MAb. One- (A 
and B) and two-color (C and D) flow cytometry analyses of 
uninduced (A and C) and induced (B and D) leukemic LGL utilized 
PE-conjugated anti-IL 2 receptor MAb (red) and fluorescein- 
conjugated HNK-1 MAb (green). 64 by 64 grid plots represent cell 
numbers on vertical axis versus log of red fluorescence (Y axis) 
versus log of green fluorescence (X axis) with every 4 to 5 dots 
representing approximately a doubling of fluorescence. LU/10° 
effector cells for 30% killing of 10* target cells. 


directly activated by treatment with anti-CD3 MAb. How- 
ever, normal T cells from these patients (CD3+, HNK-1I— 
or CD3+, FcR —) could not be similarly activated. Taken 
together, these findings suggest that anti-CD3 MAb induces 
cytotoxicity through a direct effect on CD3+, HNK-1+ 
LGL. 

Treatment with IL 2 also induced NK activity in leukemic 
LGL from 2 of 4 patients. Augmentation of NK activity by 
IL 2 in normal individuals has been noted previously," 
though the mechanism has not been clearly ascertained. This 
effect is not dependent on cell proliferation’! or on expression 
of IL 2 receptors that are recognized by the anti-TAC MAb 
on LGL.*!? Production of gamma IFN after induction with 
IL 2 has been demonstrated by some investigators”'; others 
have not found a contributory role for either alpha or gamma 
IFN in this induction.” CD3—, IL 2 receptor— LGL were 
shown to respond directly to recombinant IL 2%; further 
work has shown that IL 2—responsive LGL in normal individ- 
uals are CD3—, FeR+ (HNK-!+ or ~—). Of note, no 
augmentation of NK activity was seen in peripheral blood 
mononuclear cells coexpressing CD3 and HNK-1” or in 
CD3+, FeR+ LGL derived from IL 2-dependent short- 
term cultures.” 

The mechanism of induction of NK activity in leukemic 
LGL treated with IL 2 remains to be determined. Similar to 
findings in normal LGL, we did not find evidence for 
proliferation (as measured by cell counts) or expression of 
high-density IL 2 receptors. It is possible that alternative IL 
2 receptors not recognized by the anti-IL 2 receptor may be 
involved in this immunoregulatory effect of IL 2.°' Alpha 
IFN does not appear to be involved in this induction system 
since it did not augment NK activity in leukemic LGL, 
unlike its effect on normal cells. In contrast to normal 
peripheral blood LGL,” CD3+, HNK-1+ leukemic LGL 
lacking FcR could be directly activated by IL 2. Further- 
more, induction of NK activity by IL 2 was also observed in 
CD3+, FeR+ leukemic LGL. 

The activation of normal T cells and CD3+ leukemic 
LGL differs in that functional maturation of CD3+ leu- 
kemic LGL induced by treatment with either anti-CD3 
MAb or IL 2 was not accompanied by either cell prolifera- 
tion or IL 2 receptor induction, even though the anti-CD3 
MAb used in this study is a potent activator of normal T cell 
proliferation.’ Recently it has been shown that certain 
putative growth factors may instead act as differentiation 
factors depending on the stage of differentiation of the 
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induced cell. Our results suggest that whether or not 
CD3+ cells are induced to proliferate or differentiate by 
anti-CD3 MAb or IL 2 may depend on their state of 
differentiation and/or surface phenotype. 

The results of these studies indicate that LGL leukemia 
may serve as a useful model for evaluation of LGL matura- 
tion and activation. Furthermore, these induction systems 
may offer an in vitro method for assessing potential therapy 
in these patients. The prominent autoimmune manifestations 
of LGL leukemia suggest an underlying defect in B-cell 
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immunoregulation. Since normal LGL can regulate B 
cells, the clonal expansion of functionally immature LGL 
may result in unopposed B cell activity. Indeed, LGL from 
some of these patients demonstrate impaired suppression of 
immunoglobulin biosynthesis, in vitro.” Augmentation of 
LGL function by immunomodulatory agents therefore, may 
be clinically beneficial. Further studies in additional patients 
with LGL leukemia are needed both to assess fully the in 
vitro effectiveness of such agents as well as to explain their 
mechanism of action. 
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Immunoglobulin and T Cell Receptor Gene Rearrangements 
in Human Lymphoma and Leukemia 


By Michael E. Williams, Donald J. Innes, Jr, Michael J. Borowitz, Mark A. Lovell, Steven H. Swerdlow, 
Paul E. Hurtubise, Russell K. Brynes, Wing C. Chan, Gerald E. Byrne, Jr, 
Clarence C. Whitcomb, and Christopher Y. Thomas, IV 


DNA samples from blood leukocytes or tumor biopsies of 
45 patients with phenotypic B or T cell neoplasms were 
analyzed for rearrangements of the immunoglobulin (ig) or 
T cell receptor (TCR) genes by Southern blot hybridization 
analysis. Rearrangements of the Ig heavy chain joining 
region genes (J,,) were present in DNA from each of 28 B 
cell lymphomas and leukemias; 14 of 21 of these tumors 
also had rearrangements of the Ig kappa light chain joining 
(J,) or deleting element (Kpa) genes. Conversely, 16 of 17 T 
cell lymphomas and leukemias had rearranged TCR beta 
chain genes. One B cell and one T cell tumor had rearrange- 
ments of both Ig and TCR genes. There was a strong 
correlation between the rearrangements of specific genes 


ORMAL B and T lymphocytes can express a virtually 
unlimited repertoire of antibody and T cell receptor 
specificities. Such diversity is made possible by variations in 
the assembly of the immunoglobulin and T cell receptor 
genes." Discontinuous genes encoding the variable regions 
of immunoglobulin (Ig) heavy and light chains undergo 
somatic DNA rearrangement during the differentiation of 
lymphoid stem cells into B lymphocytes.'? Similarly, rear- 
rangements of the T cell receptor (TCR) alpha and beta 
chain genes occur during the early stages of T lymphocyte 
differentiation.** Because of the large number of possible 
gene rearrangements, the structure of Ig or TCR genes is 
virtually unique for each B or T lymphocyte. 

Southern blot assays of DNA from human lymphoid 
neoplasms have shown that the tumor cells of individual 
neoplasms generally contain a single pattern of Ig or TCR 
gene rearrangement, with variations in the structure of these 
rearrangements from tumor to tumor.'>'’ These findings 
confirmed the monoclonal origin of these tumors and showed 
that Southern blot assays can detect clonal proliferations of 
lymphocytes which comprise as little as 1% to 5% of the total 
cells in the tissue sample.'* The DNA from polyclonal 
proliferations of lymphocytes do not contain detectable spe- 
cific gene rearrangements because the structure of the 
rearranged gene(s) varies from cell to cell.'>'¢ 

One advantage of gene rearrangement assays is that the 
monoclonality of lymphoproliferative lesions can be estab- 
lished in the absence of the expression of cellular phenotypic 
markers, such as the monotypic expression of Ig kappa or 
lambda light chains. Assays for gene rearrangements have 
been used to establish the B cell origin of certain human 
lymphoid tumors. Thus, “non-T, non-B” acute lymphoblastic 
leukemia,'*"* hairy cell leukemia," lymphoid blast crises of 
chronic myelogenous leukemia,” and certain lymphomas'® 
were shown to arise from B lymphocytes by virtue of 
rearranged Ig heavy and light chain genes. However, Ig 
heavy chain gene rearrangements are not totally specific for 
B cells, since they have been described in T cell leukemia,” 
acute nonlymphocytic leukemia,” and in some murine T cell 
lymphomas and cultured T cell lines.” TCR beta chain 
genes (Trea) have been shown to rearrange in T cell lines and 
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and the immunophenotype of the tumor: (1) J, rearrange- 
ment without TCR beta chain rearrangement occurred only 
in B cell tumors; (2) TCR beta chain rearrangement with or 
without J, rearrangement occurred only in T cell tumors. 
with one exception; and (3) J, and Kpa rearrangements 
were found only in B cell tumors. Thus, rearrangements of 
the Ig heavy and light chain genes and the TCR beta chain 
genes were found to be highly sensitive markers of mono- 
clonal human lymphomas and lymphoid leukemias, with the 
type of gene rearrangements well correlated with the cell 
lineage of these neoplasms. 
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in some human T cell tumors, but the specificity of such 
rearrangements has not yet been fully defined.!°!'!’° 

The purpose of the present study was to compare the 
frequency and pattern of Ig and T,,,,, gene rearrangements in 
a wide variety of histopathologically and immunophenotypi- 
cally defined human lymphomas and leukemias. 


MATERIALS AND METHODS 


Patients. Forty-five patients with lymphoma or lymphoid leuke- 
mia were included in the study, selected on the basis of tumor 
morphology and/or immunophenotype. This investigation was 
approved by the Human Investigations Committee of the University 
of Virginia. 

Tissue accrual and storage. Tissue samples were obtained from 
excess material from biopsies or blood samples obtained for diagnos- 
tic purposes. After submitting necessary tissue for histopathologic 
and immunocytochemica] studies, the remaining tissue or blood cells 
were snap-frozen in liquid nitrogen or a dry ice-methano! bath and 
stored at —70 °C or in liquid nitrogen vapors. 

Morphologic classification. Standard morphologic criteria for 
the diagnosis and subclassification of acute and chronic lymphocytic 
leukemias were used, based upon Wright’s stain and cytochemical 
studies of blood or bone marrow cells with periodic acid-Schiff 
reagent (PAS), myeloperoxidase, nonspecific esterase (NSE), and 
Oil Red 0.7 

Non-Hodgkin’s lymphomas were classified by the New Working 
Formulation of the National Cancer Institute,” Plastic or paraffin- 
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embedded biopsy samples were stained with hematoxylin and eosin 
for interpretation. 

Immunocytochemical phenotyping. The cellular phenotype of 
tumor samples was determined by immunoperoxidase staining of 
tissue sections or by analysis of cell suspensions by indirect immuno- 
fluorescence or immunoperoxidase staining or by flow cytometry.’ 
At least 25% of tumor cells were required to express an antigen in 
order for the tumor to be considered positive for that marker. 
Tumors were classified as B cell in origin if the tumor cells were 
positive for the presence of surface or cytoplasmic Ig and/or for the 
monoclonal antibodies Leu 12, Leu 14, BI, or B2. Tumors were 
classified as T cell in origin if the cells expressed no B cell markers 
and expressed one or more of the pan T cell markers Leu 1, Leu 4, 
Leu 5, and Leu 9. T cell subset markers including markers for T 
helper cells (Leu 3A, OKT4), T suppressor cells (Leu 2A, OKT8), 
thymic cells (Leu 6, OKT6), and natural killer cells (Leu 7, Leu 11) 
were assayed. 

The nonspecific cellular markers HLA-Dr (la-like), common 
acute lymphocytic leukemia antigen (CALLa, J5), and terminal 
deoxynucleotidy! transferase enzyme (Tdt) were also assayed in 
some Cases. 

Immunoglobulin gene rearrangement. DNA was isolated from 
tissue samples by standard phenol-chloroform extraction and etha- 
nol precipitation.” Five micrograms of DNA from each sample were 
digested overnight with 5 to 10 U/mcg of the restriction enzyme 
Bam H1 or Eco R! (Bethesda Research Laboratories, Inc, Gaithers- 
burg, MD). The resulting DNA fragments were separated by 
electrophoresis on 0.6% agarose gels, and the DNA was transferred 
to a nylon membrane (Zeta Probe, BioRad Laboratories, Richmond, 
Calif) by the method of Southern.” Membrane-bound DNA was 
then hybridized with a nick translated probe™ from the Ig heavy 
chain joining region (J,,). The J,, probe, a 6 Kb Bam H1-Hind III 
genomic fragment containing the J,, region, was cloned into the 
plasmid pBR 322 (kindly provided by Dr Philip Leder, Harvard 
University, Boston). The probe was gel purified from plasmid DNA 
prior to nick translation. Specific activity of the *P-labelled J, probe 
was 1.5 to 3.0 x 10° cpm/mcg DNA. Hybridization was carried out 
at 65 °C for 18 to 22 hours followed by high stringency washing of 
the blot. Membranes were exposed to Kodak XRP-5 film at —70 °C 
for | to 10 days with intensifying screens. The blots were then 
stripped in 0.4 N NaOH, neutralized, and stored in prehybridization 
mix prior to rehybridizing with another probe. 

Kappa light chain gene rearrangements were detected in Bam H1 
genomic DNA digests using two probes. A 4.6 Kb Hind III fragment 
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containing the kappa joining region genes (Jx) was subcloned in pBR 
322 from a genomic kappa constant and joining gene probe (pro- 
vided by Dr Philip Leder). A 2.5 Kb Bam H1-Hind III fragment 
containing the kappa deleting element (Kpa) was cloned in pBR 322 
(kindly provided by Dr Stanley Korsmeyer, National Institutes of 
Health’). 

Rearrangements of the Ig genes were detected by the appearance 
of non-germline DNA band(s) hybridizing to the *’P-labelled Jy 
probe (Fig 1) and the appearance of new band(s) and/or deletion of 
the germline band with the J, probe (Fig 1). The Kpa genes are 
located 3’ of the kappa light chain constant region (Cx) locus on 
chromosome 2p, and are postulated to mediate deletion of C, and J, 
following unsuccessful rearrangement of a kappa allele.” Thus, a 
tumor with successful rearrangement of the first kappa allele should 
show germline Kpa genes. A tumor expressing kappa light chains 
from rearrangement of the second allele (the first being nonfunction- 
ally rearranged) usually contains two germline Kpa genes, although 
Kpa rearrangement may be seen in the nonfunctional allele if C, has 
been deleted. If both kappa alleles are deleted, as in some lambda 
producing tumor cells, both Kpa genes should be rearranged. Auto- 
radiograph patterns of Kpa rearrangements are shown in Fig 2. 

T cell receptor gene rearrangement. Tp, gene rearrangements 
were assayed as described above for the lg genes, using Bam H1, Eco 
R1, and Hind III restriction enyzme digests of tumor DNA. The 
probe was a CDNA clone of the TCR beta chain, containing both 
variable and constant regions (kindly provided by Dr Tak Mak, 
University of Toronto). This 770 base pair probe was cloned into the 
Pst I site of pBR 322, and was gel purified from plasmid DNA prior 
to nick translation. In some cases hybridization was performed using 
a 440 base pair constant region probe obtained by Hinc H restriction 
enzyme cleavage of the intact cDNA, with purification of the 
constant region fragment by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis. 

Criteria for rearrangement of Te, genes included the appearance 
of new bands on the autoradiographs of tumor DNA plus the partial 
or complete deletion of constant region germline bands (Fig 3). 


RESULTS 


A total of 45 patients were included in this study. In some 
cases serial biopsies or multiple simultaneously obtained 
tissue samples were available. In all cases the extracted 
DNA from the frozen specimens was well preserved, with 
little or no degradation. 





Fig 1. 


Rearrangement patterns of immunoglobulin heavy chain joining region (Ją, lanes a-f) and kappa light chain joining region (J, 


lanes g-i) genes on Eco R1 and Bam H1 digests of tumor DNA. Germline bands (dash marks, lanes a, d, gl, rearranged bands (r), and 
pseudogene bands (p) plus the germline band size in kilobase units are indicated. Lane a, control DNA. Lane b, partial deletion of germline Jy 
band, one rearranged allele (case no. 85-8, Table 2). Lane c, one rearranged and one deleted J, allele (case no. 85-12, Table 1). Lane d, 
control DNA. Lane e, one rearranged J,, allele (case no. 83-8, Table 1). Lane f, both J, alleles rearranged, residual germline band from 
nontumor cell DNA (case no. 84-16, Table 2). Lane g, control DNA. Lane h, one rearranged and one deleted J, allele (case no. 83-12, Table 
1). Lane i, deletion of both J, alleles (case no. 83-2, Table 2). See restriction enzyme maps, reference 15. 
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Fig2. Rearrangement patterns of immunoglobulin kappa light 
chain deleting element (K,,,). Lane a, control DNA; germline 
pattern with 14Kb germline band (dash mark) and approximately 
3Kb pseudogene (p). Lane b, one rearranged K,,, allele (case no. 
84-3, Table 2). Lane c, both K,,, alleles rearranged (case no. 83-12, 
Table 1). DNA was digested with Bam H1. See reference 35. 


Lymphoid leukemia. Nine cases of acute lymphoblastic 
leukemia (ALL) were evaluated. The DNA was extracted 
from bone marrow Cells in six cases, peripheral blood cells in 
two cases, and from a testicular biopsy in one case (case no. 
85-20). The tumor cell phenotypes and results of the gene 


Fig 3. Rearrangement patterns of T cell receptor 
beta chain genes (T...) on Bam H1 and Eco R1 digests 
of tumor DNA. The T.. probe was from a cDNA clone 
containing both constant region (23Kb band Bam H1, 
12 and 4.2Kb bands Eco R1) and variable region genes 
(2.0, 3.3, and 6.5Kb bands Bam H1; 2.4 and 5.4Kb 
bands Eco R1). Lanes a and d, control DNA; germline 
patterns (dash marks). Lane b, one rearranged (r), one 
deleted T a., constant region allele (case no. 84-5, 
Table 1). Lane c, both constant region alleles rear- 
ranged (case no. 83-8, Table 1). Lane e, deletion of 
first constant region alleles (case no. 83-8). Lane f, 
deletion of first constant region alleles and both 
variable region bands (T cell line HPB-MLT). Lane g. 
deletion of first constant region alleles, three non- 
germline bands representing rearranged variable and/ 
or constant region genes (T cell line HSB). Lane h, one 
rearranged band (T cell line JM). See restriction 
enzyme maps, references 43, 47. 





rearrangement assays are presented in Table |. Three cases 
of “pre-B cell” ALL showed rearrangement of Ig heavy 
chain alleles by Ją probe hybridization. Two showed germ- 
line Tea genes; the remaining case could not be studied for 
the T,,,, marker due to inadequate material. 

Six T cell ALLs were evaluated; one was HLA-Dr positive 
and four were J5 positive. Cells from all six were found to 
have Tn gene rearrangement; one (case no. 83-8) also had 
rearrangement of one Ig J,, allele by Eco R1 (Fig 1, Lane e) 
but not Bam H1 restriction enzyme digestion of the tumor 
DNA. J, and Kpa gene rearrangements were not present in 
the five T cell ALLs tested, including the tumor with Jy 
rearrangement. Detection of J,, gene rearrangements on Eco 
R1 but not Bam H1 digests has been noted previously in 
ALL” 

Two cases of hairy cell leukemia had Ig gene rearrang- 
ment without TCR gene rearrangement (Table | ), consistent 
with the B cell lineage previously reported for this neo- 
plasm." 

B cell lymphomas. Twenty-three phenotypic B cell lym- 
phomas were studied (Table 2). Eighteen of 19 tumors 
studied for surface or cytoplasmic Ig were positive, as were 
all 14 tumors tested with B1, B2, Leu 12, and/or Leu 14 
monoclonal antibodies. Two follicular mixed small cleaved 
and large cell lymphomas did not have phenotypic marker 
studies performed (case nos. 83-2 and 85-23), but were 
included in this category because virtually all true follicular 
lymphomas are B cell in origin.*”” 

Each of the 23 B cell lymphomas had rearrangement of 
one or both Ig J,, alleles (Table 2). Six of seven tumors had J, 
rearrangements and/or deletions, while 12 of 17 had Kpa 
rearrangements. One diffuse large noncleaved cell lym- 
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Table 1. Lymphoid Leukemias 





Phenotypic Markers * 





Nonspecific B Cali 
5 Se ea Ae T Celi RON Sens Rearrangements 
Case No. HiA-Dr  iCALLa} Tat ig Leu 14 tLeuS Leut Loug Leus tLeu3A LeuzA Leué hu Sh Kew Ta 
Pre-B cell ALL 
85-12 + + NA NA + = = _ ~ ~ ~ ~e 1R, 1D GL GL GL 
85-21 + + NA cM + = = = = = — NA 1R, 10 NA NA NA 
86-60 + = + - + NA ~ NA ~ ~ ~ NA 1R, 1GL NA TR, PGL GL 
F cell ALL 
83-8 + + + - NA -+ + + + + + + TR, 1GL GL GL 2R 
83-17 ~~ + NA — NA = = + + + NA NA Gi. GL NA ZR 
84-5 - _ + - NA ~ NA + NA ~ ~ ~ GL NA NA 1R, 10 
84-29 ne ~ NA NA NA ~ + + NA -= - ~ GL Gt 2R 
85-19 — + NA NA NA = + + =- = _ NA GL GL GL 2R 
85-20 - + + NA - + + + + + = + GL GL GL 2R 
Hairy cell leukemia 
83-12 NA NA NA NA NA NA NA NA NA NA NA NA 1R, 10 IR, 10 2R Gi 
85-104 NA NA NA MD, NA _ NA NA, m ~ _ NA TR. IGL NA GL GL 





Abbreviations: R, Rearranged: GL, Germline; D, Deleted: cM, cytoplasmic IgM. 
*See taxt for marker definitions: Leu monoclonal antibodies or equivalent OK-T antibodies were used. NA, not available; "+ °' =25% of tumor cells reacting with a monoclonal antibody. 


Table 2. B Cell Lymphomas 











Phenotypic Markers* 
J5 81 teu 12 Gene Rearrangements 

Case No. Lymphoma Histology HLA-Dr {CALLa} ig 82 Leu 14 Ju A Koa T 

83-78 Smal noncleaved celi + + M, NA + IR, 1GL 1D, 18 1R, 16Gb GL 

83-10 Smali noncleavad cell + + D, NA + TR, IGL NA NA GL 

84-18A Lymphoblastic + ~ cM NA + 1A, 1Gt GL GL Gh 

84-16 Diffuse large cell, immuno- NA NA NA + 4 2R NA 2R GL 
blastic clear cell 

84-20A Diffuse large cell, immuno- NA NA K + + 2h NA GL GL 
biastic plasmacytoid 

83-2 Follicular mixed small NA NA NA NA NA TR, IGL NA NA Gt 
cleaved & large cell 

83-11 Follicular mixed small + + G, + NA 1R, 1GL NA GL Gt 
cleaved & large ceil 

84-2 Follicular mixed smat NA _ M, NA NA tR. 1GL NA NA GL 
cleaved & large cell 

84-3 Small tymphocytic NA NA G, NA NA 1R, 1GL 1R, 1GL 1R, TGL GL 

84-4 Diffuse large noncleaved + NA K NA + TR, 1GL NA NA GL 
call 

84-15C Diffuse large cell immuno- NA NA À NA NA IR 6L NA 2R GL 
biastic plasmacytoid 

85-18 Diffuse larga noncleaved + + M, + + tR, 1D TR, GL TR, 1GL4+ Git 
cell 

84-11 Smal! noncleaved celi {Bur- + _ M, NA + 2R NA 1R, GL IR, 1D 
kitt’s} 

84-224 Follicular smali cleaved cell NA + NA + + 1R, GL D 2R GL 

85-23 Follicular mixed small NA NA NA NA NA 2R NA 1R, IGL GL 
cleaved & large cell, 
with diffuse areas 

85-8 Smali lymphocytic inter- NA NA À NA 4 IR, 1D D 2R GL 
mediate} 

85-28 Smali lymphocytic {inter- NA NA x + + 2R 2R IR, IGL GL 
mediate} 

35-68 Follicular & diffuse smali NA NA M, D, NA NA IR, 1GL NA NA GL 
clesved cel} 

85-75 Diffuse targe noncleaved NA NA M, D, NA NA 2R NA GL GL 
call 

85-97 Follicular smal cleaved + NA ~- + NA JR, IGL NA 2R Gi. 
cell, with diffuse areas 

86-105 Diffuse. nonclaaved large NA NA D, NA NA tR, 1GL NA 1R, IGL GL 
cell 

85-108 Diftuse small cleaved cali NA NA M, Dy NA NA tR, 1GL NA NA Gt 

85-113A Small tymphocytic, plas- NA NA K + + ZR NA GL GL 


macytoid (Walden- 
strom’s macroglobulin- 
emia) 
Abbreviations: NA, Not Available; +" =25% of tumor celis reacting with a monoclonal antibody; R, Rearranged; GL, Germiine: D, Deleted: x, Kappa light chain: A, Lambda light chain; M, IgM; cM, 
cytoplasmic IgM; G, igG; D, igd. 
*Sae text for marker definitions; Leu monoclonal antibodies or equivalent OK-T antibodies were used. 
+See text for discussion. 
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phoma positive for surface IgM lambda (case no. 85-18) did 
not show the predicted pattern of having both kappa alleles 
rearranged.'*'* Instead one germline and one rearranged 
band were present with both J, and Kpa probes. It is unlikely 
that these bands represent rearranged genes comigrating in 
the germline position because the germline fragments for J, 
and Kpa are of different size (12 kb and 14 kb, respectively). 
This pattern of gene rearrangement is unexpected since B 
cells normally attempt to rearrange both kappa alleles before 
proceeding to lambda light chain rearrangement.'*'* How- 
ever, a similar exception to this normal hierarchical Ig gene 
rearrangement was recently reported for a lambda-produc- 
ing human lymphoid cell line.” 

One B cell lymphoma had detectable T,,,, gene rearrange- 
ment on both Bam H1 and Eco R1 digests of tumor DNA, in 
addition to rearrangements of Jy and Kpa (case no. 84-11). 
This small noncleaved ceil (Burkitt’s) lymphoma stained 
positive with Oil-Red-O but negative with myeloperoxidase, 
NSE, and PAS. The tumor cells expressed cell surface IgM,, 
HLA-Dr, and Leu 12, but they failed to react with antibodies 
to J5, Leu 1, Leu 4, and Leu 9 and did not form E rosettes. 

T cell lymphomas. Eleven T cell lymphomas were evalu- 
ated (Table 3). A variety of histologic types were repre- 
sented, and all were negative for surface or cytoplasmic Ig 
and B cell monoclonal antibody markers. Most tumors were 
positive for the pan-T cell markers detected by the Leu 5, 
Leu 9, or Leu 4 antibodies. Six tumors expressed Leu 3A (T 
helper cells), one expressed Leu 2A (T-suppressor cells), one 
expressed both Leu 3A and Leu 2A, and three were negative 
for both markers. 

Ten of the eleven tumors had rearranged T,,,, genes. The 
one tumor in germline configuration was a lymphoblastic 
lymphoma which was Leu 1, 5, and 9 positive, but negative 
for the Leu 4 monoclonal antibody and the Leu 2A and 3A 
subset markers (case no. 84-6). The lack of expression of 
mature T cell markers, including the TCR complex detected 
by the Leu 4 antibody, suggested that this neoplasm has 
arisen from a primitive T cell. The absence of detectable T,,,,, 
gene rearrangements may have been due to the immaturity 
of the tumor cells. 

No Ig gene rearrangements were seen in these phenotypic 
T cell lymphomas. 
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Analysis of DNA from normal tissues and other lympho- 
proliferative states. DNA was extracted from peripheral 
blood cells or cultured skin fibroblasts from 27 normal 
human donors. Germline Tea genes were present in all cases 
using Bam H1, Eco R1, and Hind HI restriction enzyme 
DNA digests. No Kpa polymorphisms were seen in 15 
normal DNA samples digested with Bam H1, Eco RI, or 
Hind HE. 

Tissues from several other lymphoproliferative diseases 
were also available for study (data not shown}. The DNAs 
from a dermatopathic lymph node, from lymph nodes of 
three patients with acquired immune deficiency syndrome 
(AIDS)-associated lymphadenopathy, and biopsies from 
two cases of thymic hyperplasia lacked Ig or Tya gene 
rearrangements. Interestingly, analysis of DNAs from both 
the thymus samples showed a decreased intensity in the 
bands representing the unrearranged TCR beta chain con- 
stant region genes. This was most evident in the partial 
deletion of the 12Kb Eco R1 germline band, which indicated 
that a substantial proportion of the thymocytes contained 
rearrangements of the first constant region locus of the T,,,, 
genes.'’ The absence of any detectable rearranged band in 
the autoradiographs revealed the polyclonal nature of this 
process. No rearrangements were present in six cases of 
Hodgkin’s lymphoma (four nodular sclerosis, one mixed 
cellularity, and one lymphocyte predominant histology). 


DISCUSSION 


Rearrangements of the Ig and TCR genes were found to 
be highly sensitive markers for a wide spectrum of histopa- 
thologic and immunologic phenotypes of B and T cell 
neoplasms. Southern blot assays for somatic rearrangements 
of the Jų region of the Ig heavy chain gene, the J, and Kpa 
regions of the Ig kappa light chain genes, and the TCR beta 
chain gene were positive in 44 of the 45 lymphoid leukemias 
and lymphomas that were studied. These observations are in 
agreement with the concept that Ig or TCR gene rearrange- 
ments occur early in the differentiation of B or T lympho- 
cytes and that the vast majority of human lymphoid neo- 
plasms are monoclonal in origin, 518394 

There was a strong correlation between the rearrange- 
ments of specific gene regions in the cellular DNA and the 


Table 3. T Cell Lymphomas 











Phenotypic Markers * 
Nonspecific B Cell T Celi 
J35 B1 Lew 12 bau? Gane Rearrangements 
Case No. Histology HLA-DR (CAlLa) ig 82 Leut4 Leu5 Leut LeuS Leu4 Leu3A Leu2A Leu Leuit 4, 4 Koy T, 
84-6 Lymphoblastic ~ ~ - NA ~ + + + ~ me NA NA GNA NA @ 
84-27 Lymphoblastic ~ ~ NA NA + + + NA + — am NA G Gl G& IR, 16 
84-194 Cutaneous ismail lyrnphocytic} + NA — NA -- + + + + + + ~n ~ GNA Ge TR, 15 
$4.28 Cutaneous large ceil} + NA NA NA NA + NA — + — ~ NA NA GS G aL TR, TGR 
85-29C Cutaneous {smali tyrnphocytic} NA ~ NA — — + ~ + +4 + = NA NA GL NA GL IR 10 
85-77 Cutaneous Garge ceil} NA NA NA -— + + =- + + = ~ NA GL NA GO JR ID 
85-93 Mycosis fungoides NA NA — NA ~ + NA NA NA + — NA NA G NA GE IR IA 
85-117 Mycosis fungoides — — NA NA ~ + + = + + ~— ~ ~- G NA G&L +R, 1D 
§4-25 Diffuse large coii + NA — NA NA + + + + ~ + NA. NA Gt Gl NA I. 1D 
84-26 Smali lymphocytic + - — NA NA + + + NA + ~ NA NA GL GG NA JR 
85-88 Diffuse smajl cleaved cell — NA NÀ — NA + NA NA NA = — BA, NA G NA Go 2A 


Abbreviations: R, Rearrenged: GL, Germiine: D, Deleted. 
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*See text for marker definitions: Leu monoclonal antibodies or equivalent OK-T antibodies were used. NA, Not Available: “+ "" = 25% of tumor cells reacting with a monocional antibody. 
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immunophenotype of individual tumors. First, J,, rearrange- 
ment without T,,,, rearrangement occurred only in B cell 
tumors. Second, T,,,, rearrangements with or without Jy 
rearrangement occurred only in T cell tumors with one 
exception. Third, J, and Kpa rearrangements were highly 
specific for B cell tumors. Thus, based on J,, and T,,,, gene 
rearrangements, one could correctly predict whether a given 
lymphoid tumor was of B or T cell phenotype in 42/45 cases 
(93%). In this series assays for rearrangement of the J, and 
Kp. genes established the tumor phenotype in one case with 
coexisting J,, and T,,,, rearrangements, but otherwise did not 
improve the ability to predict tumor phenotype. 

The DNA from three tumors showed atypical patterns of 
Ig and TCR gene rearrangements. One lymphoblastic lym- 
phoma of T cell phenotype had no detectable gene rearrange- 
ments (case no 84-6, Table 3). This may represent a false- 
negative assay in which the DNA fragments from the 
rearranged allele comigrated with those genes in the germ- 
line configuration, although this was unlikely to have 
occurred in all restriction enzyme digests. Alternatively, the 
failure of these cells to express the Leu 4 molecule, an 
integral part of the T cell receptor,*’ may have reflected the 
absence of Ty,,, gene rearrangements and production of a 
functional TCR beta chain. The phenotype of the lymphoma 
cells was similar to that of a subset of normal immature 
thymocytes that may not contain rearranged TCR genes.” 
One T cell ALL contained rearrangement of the Typen genes 
and of the Ig Jp region (case no. 83-8, Table 1). Rearrange- 
ment of Ig mu-chain genes has been described in T cell 
ALL.” J,, rearrangement in T cell ALL may be analogous to 
rearrangements in some murine T cell lymphomas in which a 
fusion of Ig heavy chain diversity genes (Du) and Jy 
segments has occurred.” In Southern blot assays these 
fusions appear as rearrangements of the Ig Jy genes. How- 
ever, the variable region sequences are absent and these 
rearranged genes are incapable of encoding functional Ig 
heavy chain molecules. 

The third atypical tumor contained rearrangements in 
each of the three gene regions that were analyzed. This small 
noncleaved cell (Burkitt’s) lymphoma (no. 84-11, Table 2) 
expressed cell surface IgMx, with no evidence of a coexisting 
T cell clone to account for the T,,,, rearrangement. Others 
have also found so-called bigenotypic rearrangements in up 
to 11% of phenotypic B and T cell tumors.***? O'Connor et 
al% reported that Ig heavy chain and T,,,, rearrangements 
coexisted in three of 52 cases of B cell chronic lymphocytic 
leukemia and lymphoma. Pelicci et al? found such dual 
rearrangements in five of 33 B cell and in two of 30 T cell 
malignancies. The frequency of such nonlineage specific 
rearrangements will be an important consideration when 
attempting to use Ig and TCR gene rearrangement assays to 
assign the cell lineage of phenotypically undefined lymphoid 
neoplasms. 

This and other recent reports have underscored the useful- 
ness of assays for T,,,, gene rearrangements as the first 
reliable method for establishing monoclonality in T cell 
proliferations." "4 Although T cell lymphomas may dis- 
play abnormalities in the expression of certain T cell differ- 
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entiation antigens, this finding is not invariable and only 
indirectly infers monoclonality.* T,,,, gene rearrangements 
were highly sensitive markers of T cell neoplasms and were 
present in 16 of our 17 T cell cases and in nearly all T cell 
leukemias and lymphomas reported by others.'’?***? Impor- 
tant in this regard is the apparent low frequency of polymor- 
phisms for the T,,,, genes, occurring in none of our 27 normal 
human DNA samples. However, rare polymorphisms at the 
Eco R1 or Hind II] sites have been noted by others.'’” 

Deletion of the first TCR beta chain constant region (12kb 
band on Eco RI digests; Fig 3) without new rearranged 
bands was present in five of six T cell ALLs in this series, a 
pattern also noted in 11 of 15 T cell leukemias reported by 
Rabbitts et al.“ Unlike polyclonal proliferations, rearranged 
bands are present on Bam H1 and Hind HH DNA digests 
indicating both the monoclonal nature of ALL and the 
frequent use of the second TCR beta chain constant gene 
locus.** Whether this rearrangement pattern is a nonrandom 
event in some T cell ALLs is uncertain. It was not seen in any 
of our T cell lymphomas, all of which had rearranged bands 
on Eco R1 digests (except case no. 84-6). 

Assays for rearrangements of Kp, proved to be very 
reliable in identifying lg light chain gene rearrangements. 
The kappa constant or joining regions are often partially or 
completely deleted, especially in lambda-producing B cells.” 
The deletion of these sequences may not be apparent when 
studying DNA in which the tumor cells comprise only a 
small proportion of the total tumor sample, as nontumor cells 
will contribute to the germline bands on autoradiographs 
creating a false-negative assay. Specific assays for rear- 
rangement of lambda light chain genes require the use of 
additional restriction enzyme digestions, and the interpreta- 
tion of these assays is often difficult due to the high 
frequency of structural polymorphisms in this locus. We 
found no Bam H1, Eco R1, or Hind HI restriction enzyme 
structural polymorphisms in the DNA near Kpa in the 15 
normal samples that were tested. Since one Kpa allele is 
rearranged for each nonfunctional and deleted Cy gene, it 
should be possible to predict the presence of nonfunctional or 
potentially functional kappa genes.“ The correlation of Ig 
light chain expression with the pattern of gene rearrange- 
ments in our B cell tumors generally supports this concept 
(Table 2). Since the Kpa and J, (or Cx) germline bands are 
on separate Bam H1 fragments (14 Kb and 12 Kb, respec- 
tively) one could theoretically perform a single step Southern 
blot hybridization using a mixture of labelled Kpa and J, (or 
Cx) probes to assess the presence of light chain gene rear- 
rangements. 

Several other observations made during this study deserve 
comment. First, the reliable detection of Ig and TCR gene 
rearrangements by Southern blot assay required analysis of 
separate samples of tumor DNAs that were digested with 
different restriction endonucleases, an observation that has 
been made by others.'? Second, none of the tumors contained 
Ig light chain gene rearrangement in the absence of heavy 
chain gene rearrangements, although such cases have been 
reported by others.*' Finally, the DNAs from all four T cell 
ALLs that expressed CALLa had evidence of TCR beta 
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chain gene rearrangements, though only one demonstrated a 
rearrangement in the Ig heavy chain genes. This observation 
is identical to that of Ginsburg et al,*? and verifies that 
expression of CALLa is not limited to B lymphocytes or B 
cell malignancies. 

This work shows Ig and TCR gene rearrangements to be 
highly sensitive though not entirely specific in identifying 
lymphoid neoplasms of T or B cell origin. These assays have 
the potential to establish the cell lineage of phenotypically 
undifferentiated lymphomas and leukemias, and to detect 
monoclonal B or T cell populations in immunopathologically 
nondiagnostic lymphoproliferative lesions. However, the role 
of gene rearrangement assays in the clinical management of 
patients can only be determined by prospective clinicopatho- 
logic studies. 


a5 


NOTE ADDED IN PROOF 


Since submission of this manuscript, case no. 85-18 (Table 2) has 
been studied with the Cy probe. This showed that both C, alleles 
were deleted as expected for a lambda-producing B cell tumor, 
However, one of the alleles may have been deleted by an aberrant 
mechanism since one Kpa element retained the germline configura- 
tion. 
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Evidence Favoring Lineage Fidelity in Acute Nonlymphocytic Leukemia: 
Absence of Immunoglobulin Gene Rearrangements in FAB Types M4 and M5 


By S.P. Ackland, C.A. Westbrook, M.O. Diaz, M.M. Le Beau, and J.D. Rowley 


The concept of lineage fidelity in acute leukemia has 
recently been challenged by the finding of rearrangements 
of the immunoglobulin heavy chain genes in a leukemic cell 
line and in a small number of sporadic cases of acute 
noniymphocytic leukemia with a monocytic phenotype. We 
therefore screened leuke: ic blood or bone marrow sam- 
ples of 33 adult patients with acute nonlymphocytic leuke- 
mia of FAB types M4 (23 patients} and M5 (10 patients); 28 
were obtained at diagnosis and 5 at relapse. All cases were 
well characterized pathologically and histochemically. 
Cytogenetic analysis performed in each case demonstrated 
karyotypes that were representative of those generally 


HE concept of lineage fidelity in acute leukemia states 
A that the leukemic clone is derived from a single pheno- 
typically defined cell, that markers with specificity for 
normal differentiation pathways maintain that specificity in 
the leukemic clone, and that differentiation is arrested rather 
than being deranged. Furthermore, it implies that leu- 
kemic cells do not cross lineages. This concept remained 
largely unchallenged until recently when several investiga- 
tors independently reported coexpression of lymphoid and 
myeloid markers in cells from some leukemic cell lines and 
from fresh leukemic tissue.** This occurrence of “lineage 
infidelity” suggests that the leukemic cell may arise from a 
less well-differentiated stem cell precursor, which is capable 
of producing differentiated cells with features of both lin- 
eages.’ The investigation of leukemic lineage has led to many 
insights into the understanding of both normal and abnormal 
hematopoietic cell differentiation. 

The hallmark of the B lymphocyte is the capacity to 
produce immunoglobulin. The loci for human immunoglobu- 
lin heavy, kappa, and lambda chain genes, have been mapped 
to chromosomes 14, 2, and 22, respectively. °? The genes 
coding for each immunoglobulin class are represented by a 
number of exons separated by noncoding regions along the 
chromosomes. For heavy chain genes at least four distinct 
elements are known, termed V (variable), D (diversity), J 
(joining), and C (constant) regions.'' The primary event 
leading to expression of the gene is a somatic recombination 
of the germline elements such that these regions are 
apposed.'* A developmental hierarchy exists such that heavy 
chain gene rearrangement represents the first stage of B cell 
commitment.” 

Until recently, immunoglobulin gene rearrangements 
were considered to be restricted to normal B lymphocytes 
and B cell neoplasms. Demonstration of heavy chain gene 
rearrangements in cases of common “non-T /non-B” acute 
lymphoblastic leukemia (ALL), ©? and cases of chronic 
myelogenous leukemia in lymphoid blast crisis'* and hairy 
cell leukemia'*'° indicate that these malignancies are of B 
cell origin. However, rearrangements of the heavy chain gene 
have also been detected in human and mouse T cell lines as 
well as in the leukemic cells of patients with T cell malignan- 
cies (217-19 

Heavy chain immunoglobulin gene rearrangements have 
been reported in one human acute myelogenous leukemia cell 
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seen in these types of leukemia, with a clonal abnormality 
present in all except 9 of 32 patients who were success- 
fully studied. DNA prepared from each sample was 
digested with the restriction enzyme BamH1 and analyzed 
by Southern biot hybridization to probes for the J,, ragion of 
the immunoglobulin heavy chain. All 33 cases had DNA 
retained in the germline configuration with no evidence of 
rearrangement. This finding supports the concept of lin- 
eage fidelity, and suggests that true interlineage infidelity, 
myeloid to lymphoid, is a rare occurrence in adult acute 
nonlymphocytic leukemia. 
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line (ML), one cell line with both lymphoid and monocytoid 
features and a t(4;11)chromosomal rearrangement, as well 
as in fresh leukemic cells from three patients characterized 
phenotypically as acute nonlymphocytic leukemia 
(ANLL).** Most of these cases had a monocytic pheno- 
type. The finding of an irreversible stage of B cell commit- 
ment in some non-B cell neoplasms is surprising. Moreover, 
it casts doubt on the concept of lineage fidelity in leukemic 
blasts, and suggests instead that, in some cases of leukemia, 
transformation occurred in a progenitor cell capable of both 
B cell and myeloid differentiation, or that abnormal differen- 
tiation may include some switching between cell lineages. 

To investigate this phenomenon, we studied leukemic cells 
from 33 adult patients with active acute myelomonocytic 
leukemia {AMMoL) or acute monoblastic leukemia 
(AMoL; FAB types M4 and M5)” for the presence of 
immunoglobulin heavy chain gene rearrangements. This 
patient population was well characterized phenotypically 
and cytogenetically. We report that the immunoglobulin 
genes retained germline configuration in all cases. 


MATERIALS AND METHODS 


For cytogenetic analysis, fresh leukemic cell specimens were 
obtained from peripheral blood buffy coat or bone marrow from 
patients at the University of Chicago (23 patients) and from other 
institutions (10 patients). These patients all had active ANLL. that 
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had been classified as FAB type M4 or M5 by morphology and by 
cytochemical reactions according to established criteria.” 

Cytogenetic analysis was performed on cells obtained at the time 
of diagnosis or at clinical relapse as previously described.“** Meta- 
phase chromosomes were analyzed using trypsin-Giemsa or quina- 
crine fluorescence banding techniques. Chromosome abnormalities 
were described according to the International System for Human 
Cytogenetic Nomenclature (1978). An abnormal clone was 
defined by the detection of at least two pseudo-diploid or hyper- 
diploid cells, or at least 3 hypodiploid cells with identical chromo- 
somal abnormalities. 

High molecular weight DNA extracted from leukemic cell speci- 
mens that had been stored at -70°C was digested with the 
restriction enzyme Bam H1. The products were size-fractionated by 
electrophoresis in 0.8% agarose gels, and the DNA fragments were 
then transferred to activated nylon membranes (Gene Screen Plus, 
New England Nuclear, Boston, Mass) by the technique of South- 
ern.” Membranes were hybridized as described previously,” with 
nick-translated “P-radiolabeled probes cloned in pBR 322 plasmids. 
Probes used recognizing the joining region of the immunoglobulin 
heavy chain gene (J,,-region) have been previously described.'° After 
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extensive washing of filters, autoradiography was performed against 
a sheet of x-ray film using a dual intensifying screen for 1 to 2 weeks 
at ~70 °C, 


RESULTS 


A total of 80 adult patients with a diagnosis of M4 or M5 
ANLL were karyotyped at the University of Chicago 
between 1981 and 1985. Thirty-three of these patients had 
adequate numbers of leukemic cells frozen for DNA analysis 
and these constitute the study population. The median age of 
this group was 50 years (range 18 to 85 years). Twenty-three 
patients were characterized as AMMoL (FAB type M4) 
including one patient with ANLL following refractory ane- 
mia. This patient (no. 214—-see Table 1) had received 
low-dose cytosine arabinoside prior to the diagnosis of 
ANLL. Ten patients were characterized as AMoL (FAB 
type M5) including one patient who developed ANLL fol- 
lowing chemotherapy for lung carcinoma. Twenty-eight 
patients had newly diagnosed ANLL and 5 patients were 


Table 1. Karyotypes of Study Patients With M4 ANLL 


Patient No. Source Status % ABN* Celis 
128 PB dx 68 
148 BM dx 60 
150 PS rel 80 
166 PB dx 48 
168 BM dx 83 
179 BM dx 73 
182 BM dx 49 
183 BM dx 76 
194 PB dx 58 
195 BM dx 80 
205 BM dx 66 
212 PB dx 79 
214 BM dxt 67 
215 BM dx 50 
231 BM dx 85 
238 BM dx 70 
8003 BM dx 70 
R-15 PB rel 73 
R-28 PB dx 75 
R-29 BM dx 95 
R-31 BM dx 90 
R-32 BM dx 30 
R-33 SM dx 83 


Karyotype 


46 XY.t(8:11}(p 1 1:p 15), dell 9}(q2 1q34){ 100%). 

46, X¥(6%)/46,.XY, — 2, + der(2}t(2;11)(p25:q7 3), 
invi 16)}p13q22)(94%). 

46, XX{(83%)/48.XX, +8, +2 1,7 gH 17%). 

46, X¥(100%). 

46,X,del(¥}(q12).invi 16}ip 13622)( 100%). 

47, XY, +9,t(16; 16Mp13:q22)/ 1 1%}/ 
48.XY,+9,+22,t(16; 16}(86%)/ 
$CA:48 XY, ~8,4+9,4+9,4+22,2(16: 163%), 

46,XX(39%)/46,.XX,dei{7}(q32q36), 
inv( 16Mp 13q22)(6 1%}. 

46, XY{16%)/46,XY,del{7}(q2 1q3 1}, 
invi16p 13q22){84%). 

46, XX{ 100%}. 

46, XX{92%}/46, XX dell§ Hq 1? 5023 H8 %). 

46 XY(14%)/46, XY, invi3i(q2 ta26H50%)/ 
45,XY, — 7.invi3ha2 1q26)(36%). 

46, XY(100%). 

46,.XX(93%6)/46,XX,1(9;?}(p273: 77%). 

46, XY(9 1%)/46. XY, de 16}q22H9%). 

46 .XX(100%). 

46,XX(43%)/46, XX. invi 16)(p 13q22)(5 7 %). 

46, XX(13%)/46, XX, — 16,—21, + der(2 1} 

t(16:2 1p 1 1,422), + mar{G size}(87%). 

46, XY, invi i6Hp 13q22},1(1 7o 13q25}59%)/ 
47.XY, + 8.invi 16)(26%)/46, XY, ~ 17,48, 
inv(16}15%). 

4A? XK, + 22,1116: 16)(p 13:q22}(96%)/SCA:46 XX, 
ti16:16}Hp13:q22)(6%)}. 

A7 XY, + 22,1116; 16)(p 13;q2227%)/46,XY, 
t(16:16Hp13;q22}73%). 

46, XY{5%)/47, XY, +i(1 1GHBS%)/46 XY, — 16, 
+-dic( 11;16)q13;p11),t(17:20ip 12:q1 1(32%)/ 
SCA:47,XY,same, + 10(5%). 

47 XY,+¥(100%). 

46,XX(100%)}. 





Patients 128 to 183 and R-15 were previously reported.” R refers to patient specimens referred to the University of Chicago. PB, peripheral blood, 


BM, bone marrow. Status: dx, diagnosis of leukemia, rei, relapse. 
*Percentage of leukemic cells identifiable by morphology. 
+Leukemia following refractory anemia. 
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Table 2. Karyotypes of Study Patients With M5 ANLL 


Patient No. Source Status % ABN Cells 

164 BM rel 92 
185 PB dx 86 
186 BM rel 91 
188 BM rel 89 
200 BM dx 84 
2077 PB dx* 69 
R-34 BM dx 80 
R-35 PB dx 92 
R-36 PB dx 86 
R-37 BM dx 99 

See Table 1 for notes. 

*Therapy-related leukemia. 


studied at the time of relapse. Leukemic cells constituted 
48% to 99% of nucleated cells in the specimens obtained, as 
assessed by morphology (peripheral blood in 11, bone mar- 
row in 22 patients). 

The karyotypic abnormalities identified in these patients 
were consistent with those generally seen in these types of 
leukemia (see Tables 1 and 2).” Specifically, the inv(16) or 
t(16;16) that has been associated with AMMoL*?*”" was 
observed in 9 patients, and the t(9;11), a rearrangement 
commonly seen in AMOL, was noted in 2 patients. Chromo- 
somal anomalies seen in other types of ANLL, such as the 
t(8;21) and t(15;17) in M2 and M3, respectively, were not 
seen in this group. One patient (no. 188) who had a hyperdi- 
ploid clone with 57 chromosomes had an extra chromosome 
14; otherwise no abnormalities involving chromosome 14 
(site of the heavy chain gene) were found. This observation is 
not surprising since nonrandom abnormalities of chromo- 
some 14 have not been reported in ANLL. A gain of 
chromosome 22 was observed in 3 patients. In each case this 
abnormality was associated with an inv(16) or a t(16;16), a 
phenomenon that has been reported previously.” A single 
patient (no. 148) had a rearrangement involving chromo- 
some 2; however, this rearrangement involved a breakpoint 
in band p25, a site that is distal to the immunoglobulin light 
chain locus at pll-p13. Only 9 patients failed to show a 
clonal abnormality. 

All 33 cases were analyzed for immunoglobulin gene 
rearrangements. In each case DNA was retained in the 
germline configuration (single 18 kilobase fragment) with no 
evidence of rearrangements (see Fig 1). 


DISCUSSION 


In our study, all of the adult patients with the M4 or M5 
subtype of ANLL clearly retained the immunoglobulin 
heavy chain gene in its germline configuration. We decided 
to investigate the monocytic and myelomonocytic subgroups, 
since immunoglobulin gene rearrangements in ANLL seem 
to be more common in these subgroups. All our patients were 
well characterized as M4 and M5 and no patients had 
ambiguous markers or lymphoid phenotypes. These findings 


Karyotype 


46, XX,t(9;11)(p22:q23)( 100%) 

46, XX(97%)/SCA:47,XX, + 8(3%) 

46,XX( 100%) 

46,XX(81%)/57,XX,+6,+8,+8,+8,+ 10,+11+11, 
+13,+ 14,+ 18, + 18(13%)/SCA:51, —X, 
?del(X)(qi1),-—2,—4,-—21,+6,+8,+8, 
+11,+11,+13,+14,+ 18,+ 18(6%) 

46,XY(86%)/46,XY,ins(7:?)(p 15;7)(14%) 

46, XX(27%)/46,X,t(X: 10)(p 1 1:;q11)(70%)/ 
SCA:46,X,t(X; 10), t(17;7q2?2; 73%) 

47, XY, + 11,del(20)(q11.2q13.1)(100%) 

Inadequate sample 

46,XY(100%) 

47, XY, + 8,t(9; 11)(p22;q23)( 100%) 


kb M4 M5 M4 C 


— — co 





9.4 


6.6- 





kb M4 M4 M4 M4 HCL CMLC 


6.6- 





Fig 1. (A) Southern blot analysis of BamH1 digests from 
leukemic cells of 7 patients with acute myelomonocytic (M4) or 
acute monoblastic (M5) leukemia, and controls (C, human placen- 
tal DNA, CML, peripheral leukocyte DNA from a patient with 
chronic myeloid leukemia, HCL, peripheral leukocyte DNA from a 
patient with hairy cell leukemia). Blots were hybridized with a 
J,-specific probe. All patients with ANLL retained the germline 
18kb fragment. (B) Rearranged J,, genes from a patient with hairy 
cell leukemia are shown as a positive control. Lane 1: fragment 
size markers at 23, 9.4, and 6.6 kilobases. (The faint band seen at 
10.5 kb in all but one lane is artifactual, shown by rehybridization 
to be contaminating plasmid DNA—data not shown.) 
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are in contrast to two recent series; Rovigatti et al” demon- 
strated a Cu segment rearrangement in 2 of 14 samples 
examined from children with ANLL, and Ha et al” found a 
rearrangement in one adolescent patient classified as FAB 
type M1, but only germline configuration of immunoglobulin 
genes in 8 other children and 10 adults with ANLL. 

Of six myeloid cell lines studied to date, only one (ML) has 
shown a Cu rearrangement; HL-60, K562, U937, THP1, and 
KG-1 show no such rearrangement.” The cell line estab- 
lished from a 32-year-old leukemic patient with a t(4;11) 
translocation also had a Cu rearrangement.” This informa- 
tion is difficult to interpret because this cell line simulta- 
neously displays lymphoid and monocytic features. Patients 
with this karyotype may be diagnosed as acute lymphoblas- 
tic, acute myelomonocytic, or biphenotypic leukemia.*!”’ 

In a variety of hematopoietic malignancies that have 
nonspecific surface markers, the presence of rearrangement 
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of immunoglobulin genes from the germline configuration is 
considered a marker of clonal B cell differentiation.'*'® 
However the observations of such rearrangements in a few 
cases of myeloid leukemia have led to the suggestion that the 
initial event in immunoglobulin gene organization occurs 
during an early stage of hematopoietic cell development, at a 
time when the cells are not restricted to B lineage develop- 
ment, but may differentiate along more than one pathway.” 
This concept is supported by the demonstration of heavy chain 
rearrangements in an occasional T cell neoplasm. >= 

All of these exceptions raise questions regarding the 
concept of lineage fidelity in acute leukemia. In contrast, our 
findings support the concept of lineage fidelity, and suggest 
instead that true interlineage infidelity, myeloid to lymphoid, 
is either an extremely uncommon occurrence in adult 
ANLL, or that its appearance is confined to childhood 
ANLL. 
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Treatment of Preleukemic Syndromes With Marrow Transplantation 


By Frederick R. Appelbaum, Rainer Storb, Robert E. Ramberg, Howard M. Shulman, C. Dean Buckner, Reginald A. Clift, 
H. Joachim Deeg, Alexander Fefer, Jean Sanders, Steven Self, Jack Singer, Patricia Stewart, 
Keith Sullivan, Robert Witherspoon, and È. Donnall Thomas 


Thirty patients with advanced preleukemic syndromes 
were treated with marrow transplantation. Most cases 
were diagnosed by the presence of peripheral pancytope- 
nia and a diagnostic marrow examination but in 6 of the 30 
patients pretransplant chromosome studies were instru- 
mental in establishing the diagnosis. Three patients pre- 
pared for transplantation with cyclophosphamide alone 
recurred with their disease within 6 months of transplanta- 
tion. The other 27 patients were treated with cyciophos- 
phamide and total body irradiation. Twenty of these 27 
patients had preleukemia not associated with prior therapy 
or severe marrow fibrosis. Thirteen of these 20 are alive 
and well 9 to 56 months from transplant and 7 died, 4 of 
interstitial pneumonia, 2 of candida septicemia, and 1 of 


RELEUKEMIA describes a group of bone marrow 
disorders characterized by abnormal maturation of 
hematopoietic cells and the development of peripheral blood 
cytopenia.'* Although the clinical course of preleukemia is 
variable, as many as 75% of patients will develop acute 
leukemia within 24 months of diagnosis and many others die 
of complications related to thrombocytopenia or leukopenia 
before overt leukemia develops.'® Unfortunately, few thera- 
peutic options exist for the patient with preleukemia. 
Androgens, pyridoxine, prednisone, and standard cytotoxic 
therapy are rarely of benefit. More recently the use of 
low-dose cytarabine has been shown to result in meaningful 
clinical responses in some patients.'°'? However, these 
responses have almost always been incomplete and tempo- 
rary with no suggestion of curative potential. 

Marrow transplantation is an effective therapy for a 
number of malignant and nonmalignant marrow diseases. 
We therefore initiated a clinical trial of the use of marrow 
transplantation in patients with preleukemia and life-threat- 
ening cytopenia. Results in ten cases have been reported.” 
Thirty patients have now been treated. In this report the 
toxicities and therapeutic results of marrow transplantation 
for preleukemia are described. 
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disseminated zoster. There have been no disease recur- 
rences in this group. The remaining preleukemic patients, 
which include 3 patients transplanted for preleukemia 
secondary to prior therapy and 4 patients transplanted for 
preleukemia associated with severe marrow fibrosis, have 
all died. Major probiems in these patients included disease 
recurrence (2 cases) and, in those with severe marrow 
fibrosis, graft failure (2 cases). These results suggest that 
for patients with life-threatening pancytopenia due to 
spontaneous preleukemia without severe marrow fibrosis, 
marrow transplantation can prolong disease-free survival 
and may result in cure of the disease. 

©1987 by Grune & Stratton, Inc. 


PATIENTS AND METHODS 


Thirty consecutive patients with preleukemia were treated 
between May 1977 and December 1985. In this study we included as 
“preleukemic” patients with pancytopenia and the presence of 
myelodysplasia on marrow examination, patients with aplastic mar- 
rows and a clonal cytogenetic abnormality of a type associated with 
hematologic malignancies, or patients with otherwise unexplained 
myelofibrosis. Table 1 shows the clinical characteristics of the 
patients. Ages ranged from 4 to 54 years (median 24 years) with 17 
males and 13 females. In 3 patients (UPN 2798, 2799, and 2813) 
preleukemia was apparently therapy related, in 3 cases (UPN 2173, 
2855, and 1763) preleukemia occurred in patients with Fanconi’s 
anemia, and one patient (UPN 1694) had a family history of 
preleukemia. No cause was identified in the other 23 cases, The 
median duration of disease from diagnosis to transplantation was 12 
months and ranged from 2 to 180 months. All patients received 
transfusion support prior to referral and 19 had received prior 
therapy, the most common forms of therapy being steroids (16 
patients), androgens (6 patients), and low-dose cytarabine (4 
patients). At the time of referral for transplantation all patients 
required red cell transfusion support, 26 required platelet transfu- 
sions, and 25 had a granulocyte count of less than 1.000/cu mm. 
Peripheral blood and marrow samples were reviewed and classified, 
when possible, according to the proposals of the French-American- 
British (FAB) cooperative group.'* Degree of marrow fibrosis was 
graded according to the criteria of Bauermeister.'° Twenty-one 
patients had disease that could be classified as myelodysplastic 
according to the proposed FAB schema including 9 patients with 
refractory anemia and 12 patients with refractory anemia with 
excess blasts. Six patients had aplastic marrows but a clonal 
cytogenetic abnormality. Two patients had unexplained myelofibro- 
sis. A final patient had a normal appearing marrow but severe 
pancytopenia and trisomy 8. 

Marrow samples were processed for chromosome analysis after 
1,5 and 24 hours in culture without added mitogens. In 3 patients 
(UPN 2208, 2254, and 2813) marrow either could not be aspirated 
or no metaphases were present for analysis. Chromosome banding 
was done using quinacrine mustard for Q bands. 

Details of the transplant procedure are presented in Table 2. 
Histocompatibility between donor and recipient was determined by 
HLA typing and mixed leukocyte culture tests. In 24 cases the donor 
was an HLA-identical sibling, in 1 case an HLA phenotypically 
matched father, and in 5 cases a son or sibling mismatched for | (2 
cases) or 2 (3 cases) antigens. 

The technique of marrow transplantation has been described.’* 
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Table 1. Pretransplant Clinical Characteristics of 30 Patients With Preleukemic Syndromes Be. 
Disease Previous sacle 
UPN Age Sex Duration (mo) Treatment Hgb WBC PMN Pit Celi* Fibrosis Morph Cytogenetics CMY Titery 
681 9 F 39 AS $.4 3,600 468 2,000 14 0 AA 45,XX,—7 
1042 30 M 2 ~ 5.0 3,125 656 8.700 4+ o RAEB 45,XY,—? ae 
1442 34 F 3 s 7.3 1800 120 13,000 1+ a) AA 45.XX insi3:3)iq26:q2 1426} + 
1558 143 M 26 S.P 5.6 1,400 84 20.800 0+ 0 RA 45.XY, —7 + 
1636 64 M 3 S 5.2 2,200 320 3,000 14 0 RAEB 46,XY,—5,-~6,-7.~17, 
~21,+mar{ 1-4) 
1694 4 F 46 S 84 3,425 206 6.000 0+ $) AA 45,XX, —7 + 
1763 11 F 50 = 8.0 2,400 744 5,100 24 © RA 48,XX, +8, +20 
1779 R F 2 AS 8.3 1,600 80 1,700 3+ o RAEB 46. XX, dell7Nqg327q36) ~ 
1815 14 M 27 S.ATG 5.0 3,000 690 2,800 0+ o AA 45,XY,—7 5 
1996 N M 6 S 10.0 2,700 490 11000 3+ o RA 46,XY is 
2016 30 M 6 SP 9.8 800 70 «10,600 34 4+  RAEB 46,XY + 
2088 18 M ag = 9.1 2,200 374 39.000 4+ 0 RA 46, XY, ~7. = 17, +17 a) + 
2173 19 F 36 = 14.0 2,000 500 41000 3+ o RAEB 45,X, — X deli5Hq13q33} + 
2208 25 F 10 AS 8.0 2,850 1,860 9500 14+ 44 MF NA m- 
2218 32 M 52 a 10.6 1,600 480 8.900 0+ 0 RA 46,.XY + 
2254 36 M 12 _ 10.0 8600 7,740 732,000 2+ 4+ MF NA x 
2482 24 M 2 $ 9.0 2,300 230 8,100 0+ Q AA 47,XY,+8 ~ 
2686 27 F 13 Ende 8.0 1,400 504 180,000 2+ o RAEB 48 ,.XX,ins(3;3Xq26;92 1926), = 
del(2Z}ig i2} 
2602 8 F 9 LDAC 75 1,600 60 8,000 14 3+ RAES 45,XX,~7 + 
2633 34 F 180 A.S.ATG,LDAC 7.0 2,000 462 9.000 2+ 0 RA 46,XX + 
2635 47 F 7 ASADAC 7.8 2,000 180 15,000 4+ o RA 49,XX, + mar{ 1-3} + 
2738 4i F 120 _] 8.1 2,000 460 400 t4 o RA 46, XX + 
2739 22 M 10 ~t 14.2 84600 2,100 85000 4+ © RAEB 48, XY, — 5, — 7, — 20, 4+ 22, - 
+ mar{ 1-2) 
2813 36 M 4 —t 9.3 1,800 320 15,000 44 t+  RAEB NA , 
2814 8 M 2 ~ 9.7 3,900 2,700 5,200 44 1+ RAEB 46,XY + 
2836 20 F 7 HDAC 9.0 1,200 450 23,000 3+ 0 RAEB 47,XX,+8 
2853 24 M 156 AS 10.0 1,900 60 10,000 1+ o AA 4B.XY, ~ 7, +8, +21, +22 ~ 
2865 22 M 154 _ 88 1,400 378 1,100 34 © Normal  47,XX,+8 = 
2904 45 M 60 S.LDAC,CRA 9.7 6500 2200 $57,000 2+ 2+ RA 46,XY + 
3060 32 M 52 S,CSP 10.3 2,000 720 21000 34+ 0 RAEB 45,XY,—7 ~ 








Abbreviations: UPN, unique patient number; A, androgens; S, steroids; P, pyridoxine: ATG, antithymocyte globulin; Endo, endotoxin: LDAC, low-dose 
cytarabine; CRA, cis retinoic acid; HDAC, high-dose cytarabine; CSP, cyclosporine; AA, aplastic anemia; RAEB, refractory anemia with excess blasts: RA, 


refractory anemia; MF, myelofibrosis; NA, marrow not aspirable. 


*0, acellular; 1, markedly hypocellular; 2, mildly hypocellular; 3, monoceliular; 4, hyperceliular. 
tPatients treated for a prior malignancy; UPN 2798 with busuifan; UPN 2799 and 28 13 with nitrogen mustard, vincristine, prednisone, procarbazine, 


and irradiation, 


{Presence (+) or absence {—) pretransplant of antibody to cytomegalovirus. 


The preparative regimens used prior to transplantation were those 
we have used for treatment of aplastic anemia (UPN 691, 1042, and 
1442) or acute leukemia (the remaining 27 patients).'"'* All patients 
received posttransplant immunosuppression with either methotrex- 
ate (4 cases), cyclosporine (1 case), or a combination of the two (25 
cases) in an effort to diminish or prevent graft-y-host disease 
(GVHD). 

Patients were also entered on other protocols involving laminar air 
flow isolation and prophylactic systemic antibiotics. All risks of the 
treatment protocol were fully explained to patients, donors, and 
relatives. Informed consent was obtained using forms approved by 
the Investigational Review Board of the Fred Hutchinson Cancer 
Research Center. Data were analyzed as of July 1, 1986. 


RESULTS 


The results are summarized in Table 2. Three patients 
(UPN 691, 1042, and 1442) were prepared for transplanta- 
tion with cyclophosphamide alone and, as previously 
reported, in all three cases there was evidence of either 
persistence or recurrence of the abnormal cell clone within 6 
months of transplantation. Despite further chemotherapy (1 
patient) or second marrow transplants (2 patients), all three 
patients died within 9 months of initial transplant. 

Ail other patients were prepared for transplantation with a 
regimen consisting of cyclophosphamide and total body 


irradiation. Three patients (UPN 2798, 2799, and 2813) 
were transplanted for therapy-related preleukemia, 2 after 
chemoradiotherapy for Hodgkin’s disease, and | after pro- 
longed busulfan therapy for polycythemia vera. All three 
died within 3 months of transplant, one of persistent disease, 
one of septic shock, and one of venoocclusive disease of the 
liver and candida septicemia. Four patients were trans- 
planted for preleukemic syndromes characterized by exten- 
sive marrow fibrosis. None of these 4 survive with one patient 
dying of recurrent disease, 2 with graft failure associated 
with either bleeding or infection, and one of idiopathic 
interstitial pneumonia. Twenty patients were transplanted 
for preleukemia which was neither therapy related nor 
associated with extensive marrow fibrosis. Thirteen of these 
20 patients are alive without either clinical or cytogenetic 
evidence of disease from 9 to 56 months after transplant. The 
seven patients who failed therapy included 4 cases of intersti- 
tial pneumonia (3 idiopathic and one associated with cyto- 
megalovirus; CMV), 2 cases of candida septicemia, and one 
case of disseminated herpes zoster infection. None of the 20 
patients suffered a recurrence of their disease. 

In addition to the apparently important influences of the 
preparative regimen, etiology of disease, and presence of 
marrow fibrosis, patient age seemed to influence survival 
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Table 2. Marrow Transplantation in 30 Patients With Preleukemic Syndromes 
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UPN Preparative Regimens GVHD Prophylaxis Conor Results 

691 CY MTX HLA = sib Relapse d194, death d261 
1042 CY MTX HLA = sib Relapse d170, death d286 
1442 CY CSP HLA = sib Resistant disease, death d210 
1558 CY + 14 Gy TBI CSP + MTX HLA = sib Alive and well, d1647 
1636 CY + 10 Gy TBI CSP + MTX HLA AB # son iP, death d128 
1694 CY + 12 Gy TBI MTX HLA = father Alive and weil, d1496 
1763 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d1412 
17793 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d1387 
1815 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d638 
1996 CY + 12 Gy TBI MTX HLA = sib Alive and well, d1152 
2016 CY + 12 Gy TBI CSP + MTX HLA = sib Relapsed, death d569 
2088 CY + 12 Gy TBI CSP + MTX HLA D Æ sib Alive and well, d1056 
2173 CY + 12 Gy TBI CSP + MTX HLA = sib IP. death di2 
2208 CY + 12 Gy TB! CSP + MTX HLA = sib IP, graft failure, death d7 1 
2216 CY + 12 Gy TBI CSP + MTX HLA D Æ sib IP-CMV, death d50 
2254 CY + 12 Gy TBI CSP + MTX HLA = sib IP-CMV, death d57 
2482 CY + 12 Gy TBI CSP + MTX HLA = sib Alive ard well, d719 
2586 CY + 12 Gy TBi CSP + MTX HLA = sib Alive and well, d636 
2602 CY + 12 Gy TBI CSP + MTX HLA BD # sib Graft failure, bleed, death d113 
2633 CY + 12 Gy TBI CSP + MTX HLA = sib Candida sepsis, death d74 
2635 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d580 
2798 CY + 12 Gy TBI CSP + MTX HLA = sib Septic shock, death d63 
2799 CY + 12 Gy TBI CSP + MTX HLA = sib Resistant disease, death d76 
2813 CY + 12 Gy TBI CSP + MTX HLA = sib VOD, Candida sepsis, death d14 
2814 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d428 
2836 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and weil, d410 
2853 CY + 12 Gy TBI CSP + MTX HLA BD # sib GVHD, death d66 
2855 CY + 12 Gy TBI CSP + MTX HLA = sib IP, death d39 
2904 CY + 12 Gy TBI CSP + MTX HLA = sib Disseminated zoster, death d21 
3060 CY + 12 Gy TBI CSP + MTX HLA = sib Alive and well, d251 


Abbreviations: UPN, unique patient number; CY, cyclophosphamide; TBI, total body irrediation; GVHD, graft versus hest disease: MTX, methotrexate; 
CSP, cyclosporine; IP, interstitial pneumonia; CMV, cytomegalovirus; VOD, venoocclusive disease of the liver. 


(P = .047, log rank test). We could detect no influence of 
disease duration, marrow cellularity, marrow morphology 
(except for extensive fibrosis), or cytogenetic findings on 
treatment outcome. Of 6 patients receiving grafts from other 
than genotypically matched donors, two remain alive. Three 
patients (UPN 2173, 2855, and 1763) had Fanconi’s anemia 
preceding the development of preleukemia. One of these 
(UPN 1763) tolerated the transplant procedure well while 
the other 2 developed early severe toxicity and died of 
interstitial pneumonia. 

The health of the 13 disease-free survivors is excellent. All 
have normal hematologic function and 12 of the 13 are off all 
medications with Karnofsky scores of 90% to 100%. One 
patient has developed bronchial asthma posttransplant with- 
out other evidence of chronic graft-v-host disease. He 
requires no immunosuppressive therapy. 


DISCUSSION 


Despite recent advances in the management of patients 
with preleukemic syndromes, in particular the use of low- 
dose cytarabine, patients with preleukemia are generally 
considered to be incurable and most of these patients die with 
bleeding, infection, or acute leukemia. The success of high- 
dose chemotherapy or chemoradiotherapy followed by mar- 
row transplantation as treatment for various marrow disor- 


ders prompted us to study this approach in patients with 
preleuke nic syndromes. 

The first 3 patients were given cyclophosphamide alone as 
a preparative regimen, similar to the way in which patients 
with ap.astic anemia are prepared for transplantation. 
Although all three demonstrated evidence of engraftment of 
donor marrow, in all three the malignant clone recurred 
suggesting that cyclophosphamide alone, or combined with 
any allogeneic reactivity of the engrafted marrow, is inade- 
quate to eradicate the abnormal cell population. According- 
ly, subsequent patients were treated with cyclophosphamide 
and TBI. 

Results obtained with a combination of cyclophosphamide 
and TB. in patients with preleukemia unassociated with 
previous therapy or severe marrow fibrosis were encourag- 
ing. Thirteen of 20 patients are alive in complete remission 
up to 56 months from therapy. Importantly, there has not 
been a single episode of disease recurrence in this group. 
Althoug1 continued follow-up is necessary, this result sug- 
gests thet the preparative regimen used, cyclophosphamide 
60 mg/kg for two days followed by 200 cGy/day of TBI for 
six days. is adequate to eradicate the abnormai cell popula- 
tion. The major reason for treatment failure was interstitial 
pneumonia in 4 patients, in one case associated with CMV 
and in 3 cases idiopathic. These 4 patients included 2 with a 
history of Fanconi’s anemia and 2 transplanted from mis- 





MARROW TRANSPLANTATION FOR PRELEUKEMIA 


matched donors. Since recurrent disease has not been a 
major problem and since irradiation presumably contributed 
to the observed toxicities, the use of lower doses of TBI or 
lung shielding might be considered in patients undergoing 
transplantation for preleukemia. 

Results in the small group of patients with preleukemia 
secondary to previous therapy were less encouraging. One 
patient never cleared his abnormal cell population and the 
other 2 died of transplant-related complications. This unfa- 
vorable experience is apparently not universal. Gyger et al 
reported a 22-year old man who developed preleukemia 
following chemoradiotherapy for Hodgkin’s disease who 
received an HLA-identical marrow graft from his sister 
following treatment with busulfan and cyclophosphamide. 
He was reported to be alive in remission 311 days posttrans- 
plant.” 

Results in the 4 patients transplanted for preleukemia 
associated with extensive marrow fibrosis were discouraging. 
None of these patients is alive, one having relapsed and 3 
having died of transplanted-related complications. Further, 
in 3 of these 4 patients normal peripheral blood counts were 
never achieved despite evidence for lymphoid engraftment 
and in 2 of these 3, pancytopenia was the cause of death. 
There are several case reports that demonstrate that engraft- 
ment can be achieved in some patients with severe marrow 
fibrosis.’ But, as case reports, these studies did not com- 
pare the outcome of transplantation in patients with and 
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without marrow fibrosis. The question of the effect of severe 
marrow fibrosis on engraftment prompted us to review our 
wider experience with transplantation in patients with mar- 
row fibrosis of any etiology. As recently reported by Rajantie 
et al, patients transplanted for preleukemia, chronic 
myelogenous leukemia, or acute leukemia with coexistent 
extensive marrow fibrosis frequently have difficulty with 
engraftment as evidenced by a graft failure rate of 33% and 
slower myeloid and platelet engraftment in those who do 
engraft when compared to age- and disease-matched control 
patients with little or no fibrosis.” 

The experience reported here emphasizes the importance 
of marrow cytogenetic results in deciding on treatment of 
patients with pancytopenia. Six of the 30 patients described 
here were thought on initial morphologic examination of the 
marrow to have aplastic anemia. In each case marrow 
cytogenetics showed a clonal chromosomal abnormality 
establishing the diagnosis of preleukemia, including 3 cases 
of monosomy 7, one case of trisomy 8, one case with 
46,X X,ins(3;3)(q26:q21q26), and one case with 48X’Y,—7, 
+8, +21, +22. 

Patients with preleukemia and life-threatening pancytope- 
nia, in general, do poorly. The results reported here, particu- 
larly in those patients with de novo preleukemia without 
severe marrow fibrosis, suggest that if an appropriate donor 
is available, marrow transplantation should be strongly con- 
sidered. 
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Cytogenetic and Histologic Correlations in Malignant Lymphoma 


By Prasad R.K. Koduru, Daniel A. Filippa, Mark E. Richardson, Suresh C. Jhanwar, Seeta R. Chaganti, Benjamin Koziner, 
Bayard D. Clarkson, Philip H. Lieberman, and R.S.K. Chaganti 


Although a number of studies have indicated correlations 
between histologic subtypes of tumors and certain nonran- 
dom chromosome changes, cytogenetic studies of lym- 
phoma are in an early stage compared to those of leukemia. 
No comprehensive analysis of available data has so far 
been attempted in the literature either. Here we present 
an analysis of chromosome changes and their correlation 
with subtypes of lymphoma studied by conventional histol- 
ogy and cell surface markers, as observed in two sets of 
data: (1) a group of 65 karyotypically abnormal tumors 
sequentially ascertained and studied by us during the 
period January 1, 1984 to April 30, 1985, and (2) a larger 
data set derived by combining our data with those from 
two published series from the University of Minnesota that 
are comparable to our data. These combined data, which 


ISTOLOGIC and immunologic studies of malignant 
lymphoma have led to a number of systems of classifi- 
cations that have attempted to define subgroups based on 
biological relatedness or clinical significance.'* Recent 
molecular studies of Burkitt's lymphoma and chronic 
myelogenous leukemia have shown that chromosome translo- 
cations play an important role in the development of neopla- 
sia by bringing about deregulation of the genes involved in 
rearrangements.** Cytogenetic studies of leukemia further 
have established that specific chromosome abnormalities are 
diagnostic and prognostic indicators.’* The clinical signifi- 
cance of cytogenetic changes in lymphomas is less clear?” 
compared to leukemias where chromosome analysis is now 
performed as part of the clinical evaluation of patients. 
A number of recent studies however have demonstrated 
that recurring translocations t(14;18)(q32:q21) and 
(8;14)(q24;q32) and the recurring deletion del(6q) are 
associated with certain histologic subtypes of lym- 
phomas.'*'* 

We have been conducting a prospective study of correla- 
tions between chromosome changes, histology, and immuno- 
logical markers in tumors from all patients with a presump- 
tive diagnosis of lymphoma seen by the Hematology/ 
Lymphoma Service of Memorial Sloan-Kettering Cancer 
Center (MSKCC) since January 1, 1984. Although, as 
mentioned above, previous studies have addressed transloca- 
tions and deletions associated with non-Hodgkin’s lymphoma 
(NHL), a comprehensive review of cytogenetic abnormali- 
ties associated with lymphoma has been lacking. By utilizing 
a combination of our data with that reported by two groups 
from the University of Minnesota,'*’® each of which 
included more than 50 karyotypically abnormal tumors 
classified by the Working Formulation (WF; Table 1), we 
have been able to assemble the largest data set examined so 
far and undertake such a review. Our analysis confirms the 
previously reported associations as well as establishes new 
correlations. In addition, we have been able to define classes 
of chromosome instability in lymphoma that indicate specific 
mechanisms of gene perturbation that are of possible signifi- 
cance in lymphoma development. 
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comprise the largest data set on the cytogenetics of 
lymphomas assembled so far, enabled a comprehensive 
analysis of correlation between chromosome change and 
tumor histology and the patterns of chromosome instability 
in these tumors. We found several significant associations, 
some previously described and others now recognized, 
between nonrandom chromosome gains, breaks, translo- 
cations, and deletions and histologic subtypes of tumors 
that characterize lymphomas. The data indicate that find- 
ing of chromosome breaks at certain sites (eg, 8q24, 
14q32, 18q21} is of diagnostic value in dealing with cases of 
unusual lymphoma. Furthermore, nonrandom chromosome 
breakage exhibited three distinct patterns that reflected 
three levels of etiologically relevant genetic change. 

e 1987 by Grune & Stratton, inc. 


MATERIALS AND METHODS 


Patient population and tumor material. During the study 
period we have analyzed 110 histologically confirmed lymphomas 
removed from 110 patients whose ages ranged from 7 to 80 years 
(mean 50 years}. Of these, 58 were males and 52 were females. In 79 
patients the tumor was studied at primary diagnosis, while in 25 it 
was studied during relapse following previous chemotherapy or 
radiation therapy. Previous treatment history was unknown in the 
remaining 6 patients. In each of three patients, two separate 
specimens were received yielding a total sample of 113 specimens. 
involved tissues included lymph nodes in 59, lymph node and pleura! 
fluid in one, spleen in 16, nonlymphoid tissues (fibrous tissue, 
muscle, lung, etc) in 22, bone marrow in 13, and ascites alone in one 
patient. A piece of each tumor received in Pathology was submitted 
for independent studies of histology, immunological markers, and 
cytogenetics; in addition, a small piece was frozen immediately and 
stored in liquid nitrogen for molecular studies. No criteria other than 
availability of tissue were applied in selecting patients for study. 
Because of this, 24 benign lymphadenopathies and 13 Hodgkin’s 
disease lymph nodes also were examined during this period. The data 
pertaining to these specimens are not discussed here. In all cases, the 
tissue was processed within one hour of removal from the patient. All 
tissues used in this study were submitted to the laboratory for 
diagnostic evaluation. As such, they were removed from the patients 
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Table 1. Numbers of Tumors With Clonal Karyotypic Abnormalities in Different Histologic Subtypes of Malignant Lymphoma in CD 








Low Grade intermediate Grade High Grade 

Reference SmLy SCC-F Mx-F LC-F SCC-D Mx-D LC-D SNCC imb Lyb Unclassified Total 
13 11 14 2 3 1 2 3 3 3 ~= — 42 
14 8 11 3 1 0 7 ? 0 2 4 1 41 
15 16 21 4 9 1 10 18 6 3 2 2 92 
16 3 6 3 4 — ~= 7 emee 0 1 — 24 
Present report 3 10 4 3 4 1 19 3 3 1 14 65 
Total 41 62 16 20 6 20 54 12 11 5 17 264 





Abbreviations: SmLy, small lymphocytic: SCC, predominantly small cleaved cell; Mx, m:xed small and large cell; LC, predominantly large cell; SNCC, 
smal! noncleaved cell: imb, large cell immunoblastic; Lyb, lymphoblastic: F, follicular; D, diffuse. 


after obtaining informed consent for evaluation at the time of 
admission to Memorial Hospital. 

Histology and immunological markers. Histologic preparations 
were made from solid tumor tissue usually fixed in B3 and stained 
with hematoxylin and eosin using standard methods. Lymphomas 
were classified according to the WF, Rappaport, Lukes-Collins, and 
Kiel systems.'* Bone marrow and effusion specimens were examined 
only to ascertain the presence of lymphoma. Bone marrow biopsies 
were embedded in Epon plastic and stained with Giemsa. The WF 
classification was followed in describing tumors in this paper in order 
to facilitate comparison of our data with those from other published 
series.'*"'® In the text we have referred to the different lymphoma 
subsets by their abbreviations as indicated in Table 1. Cell surface 
phenotypes were studied in cell suspensions of solid tumors (lymph 
node, spleen, soft tissues) while surface as well as cytoplasmic 
phenotypes were studied on bone marrow tumors. The methods used 
for these studies included study of conventional markers for lym- 
phoid cell subpopulations (IgG-FC, C, receptors, heavy and light 
chain immunoglobulins, and rosetting with sheep and mouse red 
cells) as well as typing with a panel of monoclonal antibodies 
(OK-T1, OK-T3, OK-T4, OK-T6, OK-T8, OK-T11, J-5, OK-Ia, 
Bi, B2, and OK-M}). 

Cytogenetics. The tumor specimen was minced into a single-cell 
suspension immediately upon receipt in the laboratory under sterile 
conditions in prewarmed RPMI 1640 medium. The cells were 
pelleted by centrifugation at 400 rpm for ten minutes, and resus- 
pended in the same medium supplemented with 20% heat- 
inactivated fetal calf serum, 1% penicillin-streptomycin, and 1% 
L-glutamine. Cell viability was determined by trypan blue exclusion, 
and the cell concentration was adjusted to approximately 10° living 
cells/mL. A direct harvest was made from one 10 mL cel! suspension 
after exposure to 0.05 ug/mL colcemid for '4 hour at 37°C. A 
second 10 mL cell suspension was incubated at 37 °C overnight with 
0.025 ug/ml colcemid and harvested, and a third 10 mL cell 
suspension was incubated overnight at 37 °C, then exposed to 0.05 
ug/mL colcemid for one hour and harvested. Cell harvesting was 
done following procedures used for chromosome preparations from 
blood lymphocytes. Quinacrine banding was employed throughout in 
karyotyping. For each patient with a successful culture, 15 to 30 cells 
were analyzed under the microscope for changes in chromosome 
number and structure. This was followed by analysis of photographic 
prints of at least five cells in the case of tumors with a single 
abnormal clone and ten cells in the case of tumors with more than 
one abnormal clone; three formal karyotypes were prepared for each 
clone. The karyotypes were described according to ISCN." (The 
detailed tabulation of tumor histology, cell surface markers, and 
karyotypes of all tumors studied by us is not published here but is 
available upon request from R.S.K. Chaganti). 

Statistical analysis of data. We enumerated all identified chro- 
mosome abnormalities (gains and losses of individual chromosomes, 
translocations and deletions, and breakpoints of structural altera- 


tions) from. all tumor karyotypes from our data as well as from the 
combined data (CD). We tested for the nonrandomness of numerical! 
and structural chromosome changes using the computer program for 
statistical analysis of chromosome changes written by Brodeur et 
al.'* This program tests the significance of observed deviation from 
the expected on two assumptions: (1) in the generation of numerical 
alterations all chromosomes have the same probability of undergoing 
nondisjunction, and (2) in the generation of structural alterations the 
frequency cf chromosome breaks occurs proportional to the length of 
the chromcsome arm. Conventional 2 x 2 chi-square analysis was 
employed to compare the frequency of occurrence of chromosome 
abnormalities between different histologic subtypes.’ The latter 
method has been used by Levine et al'® in their analysis of chromo- 
some changes in lymphomas. 


RESULTS 

Histologic classification of part of the same tissue speci- 
men that was used for cytogenetic and immunological 
marker studies was accomplished in 98 cases that presented 
as solid tumors. Cytogenetic analysis was performed on bone 
marrow and ascites specimens in only 14 cases. These were 
considered unclassified lymphoma for the purpose of this 
study. Cell surface markers established B cell type in 74 
(86%) tumors, T cell type in four (4.7%), and null cell type in 
six (7%); the results were inconclusive in two (2.3%) cases. 
Marker studies were not performed in the remaining 27 
tumors. IgM was expressed by 45 (60.1%) and IgG by 16 
(21.6%) B cell tumors. More than one heavy chain was 
expressed in seven tumors. The kappa and lambda light chain 
markers were expressed nearly equally (36 and 30 tumors, 
respectively). The four T cell tumors were of postthymic (or 
periphera. T cell type) and histologically identified as large 
cell or immunoblastic types. No case of lymphoblastic T cell 
lymphomas were encountered in this study. 

In our series, 77% of the specimens yielded sufficient 
numbers of analyzable metaphases, a cytogenetic success 
rate that is comparable to the 68% and 65% reported by 


‘Bloomfield et al’ and Kaneko et al,'? respectively, although 


Yunis et alt reported a 93% to 95% success rate in their 
series. Among the 87 successfully karyotyped specimens, five 
follicular and 16 diffuse tumors (24% of total successful 
cases) showed only normal karyotypes. Therefore these were 
considered as the karyotypes of the proliferating reactive 
celis in the malignant tumor and were not included in the 
statistical analysis of the data. The remaining 66 specimens 
(65 tumers) showed clonal karyotypic abnormalities. A 
mixture of normal and clonally abnormal cells was present in 
five follicular and 12 diffuse tumors. More than one abnor- 
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Fig 1. Losses and gains of chromosomes in malignant lympho- 
ma. While none of the losses was statistically significant, gains of 
chromosomes 5, 7, and 12 in the MSKCC data and gains of 
chromosomes 3, 7, and 12 in the CD were statistically significant. 
C1, Combined data; E, MSKCC data. 


mal clone was seen in two follicular and four diffuse tumors. 
Tumors from treated and untreated patients did not show 
significant differences in chromosome abnormalities. There- 
fore, the data are presented together. For the analysis of 
correlation between histology and cytogenetics, the 51 
tumors for which both sets of data were available only were 
considered while chromosome instability was analyzed from 
the entire dataset. 

Numerical changes. Although loss of different chromo- 
somes was noted in 14 tumors in our data, a consistent 
correlation with histology was not seen. With regard to gains, 
29 tumors showed trisomy of 21 different autosomes (Fig 1). 
Trisomy of chromosomes 7, 5, 11, and 12 were most frequent, 
and showed strong histologic correlations. Of 19 cases of 
LC-D, six showed trisomy 7 and five showed trisomy 12. Of 
the nine cases of diffuse large cleaved cell lymphoma (LCC- 
D), a subgroup of LC-D, three showed trisomy 11, and of the 
10 cases of diffuse large noncleaved cell lymphoma (LNCC- 
D), another subgroup of LC-D, three showed trisomy of 
chromosome 5. 

Among the tumors in the CD, significant deviation from 
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expected was found in the case of trisomy of chromosomes 3 
in Mx-D (5/20), 5 in Imb (3/11), 7 in LC-F {7/20} and 
LC-D (13/54), and 12 in SmLy (13/41) (Table 2) when 
tested by the method of Brodeur et al.'* When the incidence 
of trisomy of given chromosomes in given histologic subtypes 
was compared with that in the entire CD lymphoma sample 
using the chi-square method, we observed a significant 
excess of chromosome 8 in Mx-F (4/16) and chromosome 21 
in LC-D (9/54) as did Levine et al in their series.’ We 
additionally found a high incidence of trisomy 4 and X in 
LC-D (3/54 and 8/54, respectively), 5 in Imb (3/11), and 7 
in LC-F (7/20) and LC-D (13/54). 

Translocations. We identified 74 translocations in the 
65 tumors analyzed. Of these, 42 (56.8%) belonged to three 
recurrent types, namely, t(8;14)(q24:q32) (10 cases), 
t(11;14)(q13;q32) (three cases), and t(14;18)(q32:q21) (29 
cases). The remaining 32 (43.2%) were unique translocations 
(Table 3). The translocations t(14;18) and t(8:14) showed 
strong correlation with the grade of lymphoma; the former 
was seen in 76.5% (13/17) of low-grade tumors, 33.3% 
(9/27) of intermediate-grade tumors, and 14.3% (1/7) of 
high-grade tumors. Of the 8 intermediate-grade diffuse 
tumors that showed t(14;18); five were relapse specimens 
from patients in whom a previous biopsy had established the 
diagnosis of poorly differentiated lymphocytic lymphoma. 
The single high-grade tumor in our series with t(14:18) was a 
relapse tumor previously classified as LC-D. Interestingly, 
this tumor also showed t(8;22)(q24;qi1), which is associated 
with high-grade tumors. In contrast, t(8:14) was absent in 
low-grade tumors and was present in 18.5% (5/27) of 
intermediate-grade and 42.9% (3/7) of high-grade tumors. 
Impressive associations between specific translocations and 
tumor subtypes were seen in the case of t(14;18) with SCC-F 
(9/10) and Mx-F (4/4), and t (8:14) with SNCC (3/3). We 
saw only three cases of t(11;14); two of these were in 
LNCC-D and one was in SCC-F (Table 3). 

In the CD, t(14;18) was common in low- (49.6%) and 
intermediate- (24.0%) grade tumors and rare in high-grade 
tumors (3.6%; Table 3). Its incidence in the histologic 
subtypes was similar to that encountered in our series. It was 
absent from SmLy and was seen in 71% of SCC-F and 93.8% 
of Mx-F. Of 16 diffuse tumors in the CD that exhibited 
t(14;18), nine (56.3%) were reported to have evolved from a 
previous nodular lymphoma. 


Table 2. Summary of Recurring Cytogenetic Changes in Histologic Subtypes of Malignant Lymphoma—-CD* 


Histologic Tumors 

Subtype Studied (no.) Trisomy 
SmLy 4} 12 
SCC-F 62 ~ 
Mix-F 16 8 
LC-F 20 7 
SCC-D 6 vee 
Mx-D 20 3 
LCc-D 54 4.7,21,X% 
SNCC 12 en 
imb t1 5 
Lyb 5 aes 
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Cytogenetic Change 
Translocation Deletion Breaks 
fe 1ta 14q 
t(14;18) 6q 14q,18q 
t(14;18) 2q 2p, 14q, 18q 
t(14;18) — 7p,13q, 149,174, 18q 
-l 8p,20q ts 
nea — 9p,19q 
aa 6q 14,44,64,9q, 14q, 18q 
t(B: 14) — 8q,14q 
a 3p,.5q,6q 


5p,5q,16q, 19p 
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*See text for details. 
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Table 3. Frequency of Different Translocations in Histologic Subtypes of Malignant Lymphoma: Comparison of MSKCC Data With CD* 
nae aa 


Recurring Transiocation 
t(8; 14) t(71:14) 
{q24;q32) {q13;:q32} 
Histologic Subtype MSKCC cD MSKCC cD 
SmLy 0 1 0 4 
SCC-F 0 0 1 1 
Mx-F 0 0 0 0 
LC-F 1 1 Q 0 
SCC-D 0 0 0 0 
Mx-D 0 0 0 Q 
LC-D 4 g 2 4 
SNCC 3 10 0 0 
imb 0 2 0 0 
Lyb 0 0 0 0 
Unclassified 2 2 0 0 
Total 10 25 3 9 


t(14:18) Unique 
(q32:q2 1) Transiocations Total 
MSKCC co MSKCC cB MSKCC cD 
6 0 0 21 0 26 
9 44 3 38 13 83 
4 15 0 16 4 31 
1 8 1 23 3 32 
2 2 0 1 2 3 
0 0 1 27 1 27 
& 14 15 58 29 85 
0 0 3 4 6 14 
1 1 2 10 3 13 
0 0 0 5 0 5 
6 7 7 9 13 18 
29 91 32 212 74 337 


DOSES EO OAA NNOO aaneen 


*Only translocations for which all breakpoints have been identified are included in the analysis. 


In the CD, t(8;14)(q24;q32) similarly was the most com- 
mon translocation in high-grade tumors (42.9%) and less so 
in intermediate-grade (10.0%). In the CD, t(8;14)(q24:q32) 
showed an 83.3% association with SNCC lymphomas. The 
third recurring translocation, t(11;14)(q13;q32), was absent 
in high-grade tumors in the CD, but was presented in low- 
and intermediate-grade tumors with nearly equal frequency 
(4.2% and 3.7%, respectively). In addition, four other trans- 
locations recurred at least twice each in the CD, but showed 
no correlation with histologic subtypes. These were 
t(3;14)(p21;q32), t(5;14)(q23;q32), t(11;14)(q23;q32), and 
t (14;19)(q32;q13).'*"° 

Chromosome 1 was one of the participants in 18/32 
unique translocations in our data and was the most frequent 
participant in these translocations. Regions 1p31-36 and 
1q21-25 exhibited clustering of translocation breaks (seven 
and six times, respectively). In the CD, chromosome | was 
involved in 63/413 unique translocations. Of these region 
1p31-36 was involved in 21 translocations and the region 
1q21-25 was involved in 17 translocations. Thus, although 


chromosome | seemed to be less frequently involved in 
translocation in the CD than in cur series, when transloca- 
tions affected chromosome 1, the frequency with which 
breaks clustered in the 1p31-36 and 1q21-25 was almost as 
high as in our series (60% v 70%). 

Deletions. We identified chromosome deletions in 29 
tumors and Ip and 6q were most frequently affected (Fig 2). 
The histologic groups SCC-D, LC-D, and Imb were fre- 
quently affected by deletion (75%, 52.6%, and 100%, respec- 
tively). Of the four tumors with del( 1p), two were LNCC-D 
and of the three tumors with del(3p), two were Imb. 

In the CD, deletions affected all chromosomes with the 
exception of chromosome 2] (Fig 2). Within histologic 
subtypes, 6q deletions were in excess in SCC-F, LC-D, and 
Imb while 1 1q deletions were in excess in SmLy (P < 0.05)."8 
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Fig 2. 
and q are short and long arms, respectively. Overall, del (6q) in the 
MSKCC data and del(1p) and (6q) in the CD were significantly in 
excess. However, deletions of several chromosomes were signifi- 
cantly in excess in certain histologic subtypes (see text). C, 
Combined data; W. MSKCC data. 


Deletions of chromosomes in malignant lymphoma. p 
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Fig 3. Chromosome breaks in malignant lymphoma. p and q 
are short and long arms, respectively. (Centromere breaks are not 
shown in this diagram; they were also not included in the analysis.) 
While the statistical significance of breaks in the MSKCC data was 
not tested, in the overall CD breaks in tp, 1q, 6q, 14q, and 18q 
were significant. In addition, breaks in certain chromosomes were 
significantly in excess in certain histologic subgroups {see text). 
Cl, Combined data; W, MSKCC data. 
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When the incidence of deletions in given chromosomes in 
given histologic subtypes was compared with that of the same 
deletion in the entire CD, the following significant deviations 
from expected were encountered: 2q in Mx-F, 3p and 5q in 
Imb, 6q in LC-D, 8p and 20g in SCC-D, and liq in SmLy 
(P < 0.05)" (Table 2). 

Chromosome instability. We identified 270 breaks asso- 
ciated with specific as well as nonspecific rearrangements in 
our series (Fig 3). In the follicular tumors 66.7% of breaks 
were confined to chromosome 1, 14, and 18 while in the 
diffuse tumors 37.9% of breaks affected these three chromo- 
somes. Chromosome | showed 15.2% of all breaks with 
clustering in regions 1p31-36 (12/14) and 1q21-24 (18/26). 
The following histologic subtypes exhibited recurrent chro- 
mosome | breaks: SCC-F (5/10), Mx-F (2/4), LC-D (7/ 
19), and Imb (2/3). Breaks in the 6q21-23 region recurred in 
LC-D (3/19). Chromosome 7 showed 10 breaks, two in the 
short arm and eight in the long arm. Three of the 7q breaks 
were in one Imb. Chromosome 8 was most frequently 
affected in diffuse tumors and all breaks at 8q24 resulted in 
t(8;14). Breaks in chromosome 11 were clustered in the 
L1ql3 region and were frequently seen in LC-D (5/19). 
Chromosome 14 showed 50 breaks (18.6% of total breaks) 
and 47 of them were at 14q32. Band 14q22 was affected in 
one SmLy and band 14q24 was affected in one Imb and in 
one unclassified tumor. Chromosome 18 showed 35 breaks of 
which 32 were at 18q21, and all of these were involved in 
t(14;18). Breaks in chromosomes 19, 20, 22, X, and Y were 
infrequent, although all three breaks encountered in chromo- 
some 22 were at 22q1 1. 

In the CD, a total of 1,211 breaks were enumerated for 
analysis (Fig 3). In the follicular tumors, 51.4% of breaks 
were confined to chromosomes 1, 14, and 18 while in diffuse 
tumors, 34% of breaks affected these same chromosomes. 
Chromosome | showed 13.4% of all breaks with clustering in 
regions 1p31-36 (52/71) and 1q21-24 (36/85), thus reflect- 
ing the clustering of translocation breaks in these sites stated 
above. Overall, a significant excess (P < 0.05) of breaks were 
seen in chromosome arms Ip, 1q, 6q, 14q, 18q, and 19q. 
Statistically significant associations (P < 0.05) were noted 
for breaks in chromosome | and lymphomas showing SCC-F 
and LNCC-D histology, breaks at 8q24 and SNCC lym- 
phoma, breaks at 14q32 and SCC-F, Mx-F, and SNCC 
lymphomas, and breaks at 18q21 and SCC-F and Mx-F 
lymphomas. Additional significant correlations occurred in a 
number of histological subtypes and these are summarized in 
Table 2. Breaks in a number of chromosome arms were 
clustered in specific band regions, eg, 1p31-36, 1q21-32, 
6q21-23, 8q24, 11q13, 14q32, 18q21, and 19q13. 


DISCUSSION 


Our studies presented here clearly show that recurrent 
cytogenetic changes characterize each of the histologic sub- 
types of malignant lymphoma in which more than one tumor 
has been studied; some of these correlations were previously 
established'*'* while others are recognized here for the first 
time, 

The data set analyzed here represents the largest group of 
lymphoma karyotypes assembled so far and it shows that 
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cytogenetic findings are of diagnostic importance in NHL of 
B or null cell type (Table 2). While a variety of abnormalities 
have been identified, most have involved breaks at a limited 
number of bands. The finding of breaks at certain sites (eg, 
8q24, 14q32, and 18q21) in a small cell neoplasm, especially 
one that arises in a nonlymphoid site, indicates that the lesion 
most probably is a lymphoma. The most important cytoge- 
netic abnormalities in lymphomas appear to be a group of 
three recurring reciprocal translocations, eight trisomies, 
and seven deletions. Although highly significant associations 
between some of the abnormalities, especially the transloca- 
tions, and histologic subtypes existed, the correlations were 
not unique and absolute, as is the case with most other 
tumor-associated specific chromosome changes.’* Thus, 
t(14;18) was very strongly associated with low-grade lym- 
phomas and t(8;14) was associated with high-grade lympho- 
mas. In addition, t(14;18) also was strongly associated with a 
nodular histology. 

We have shown that breaks occurred nonrandomly in a 
number of chromosomal regions. Such breaks appeared to 
assume three distinct but recurring patterns: (1) Breaks that 
generate the specific translocations that are associated with 
specific histologic subtypes, namely, 8q24, 11q13, 14q32, 
and 18q21 (Table 3). These translocations bring about the 
juxtaposition of the cellular oncogenes c-myc (8924), bel-! 
(11q13),”' and bcl-2 (18q21)” with the immunoglobulin 
heavy chain determinant (14q32). Translocation-mediated 
deregulation of c-myc has been demonstrated*** and it is 
highly likely that the other two genes are similarly deregula- 
ted by the translocations. Translocations affecting these 
three sites together characterized 47.3% of cytogenetically 
abnormal tumors in the CD. Furthermore, in several tumors 
in this data set they represented the sole cytogenetic abnor- 
mality suggesting that the gene deregulation that these 
translocations bring about plays a primary role in the devel- 
opment of lymphoma. (2) Breaks that generate unique 
translocations that are not correlated with histologic sub- 
types (Table 3). The best examples of this class of breaks are 
the chromosome | sites 1 p34-36 and 1q22-24. These translo- 
cations never were encountered as the sole chromosome 
abnormality but were always seen as additiona! abnormali- 
ties. The cellular oncogenes c-src** and c-ski?’ have been 
mapped to these two sites, respectively. Perturbations affect- 
ing these sites are common not only in lymphomas but also in 
tumors of diverse cell types” suggesting that deregulation of 
these oncogenes may be associated with nonspecific tumor 
progression. (3) Breaks that generate deletions of chromo- 
somes Ip, 2q, 3p, 5q, 6q, 8p, 11q, and 20q that correlate with 
histologic subtypes (Table 2). Hemizygosity or homozygos- 
ity for the nondeleted chromosome followed by reduplication 
of the remaining chromosome has been shown to be an 
important genetic event in the etiology of retinoblastoma” 
and Wilms’ tumor.” Some of the sites of recurring deletions 
seen in our analysis of lymphoma also are the sites of cellular 
oncogenes, for example, c-src (1p34-36) and bcl-1 (11q13). 
Other sites of deletion that we identified may turn out to be 
the sites of important genes yet to be discovered. Hemizygos- 
ity-homozygosity of the sites may act as a step in lymphoma 
development. Thus, the cytogenetic analysis presented here 
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identified for the first time distinct levels of genetic alter- 
ation associated with lymphoma development thereby pro- 
viding new leads for further molecular analysis. 

Histologic parameters that relate to prognosis continue to 
be defined, and may results in revision of current classifica- 
tion of lymphomas. The prognostic implications of cytoge- 
netic changes in lymphoma remain largely as unanswered 
questions. One immediate question relates to diffuse tumors 
that show t(14;18). We have established that a proportion of 
these had a previous nodular histology. Whether diffuse 
lymphomas that represent transformation from a previous 
nodular histology would have a better prognosis than those 
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that lack the t(14:18) needs to be determined. As more data 
from prospective series such as the ones analyzed in this 
paper become available, further definition of the cytogenetic 
correlations noted here as well as recognition of new correla- 
tions can be expected. 
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Identification and Characterization of a Differentiation-Specific Antigen on 
Normal and Malignant Murine Erythroid Cells 


By E. Rena Bacon and Arthur J. Sytkowski 


Rauscher murine erythroleukemia cells grow continuously 
in vitro and undergo terminal differentiation in response to 
the physiological inducer erythropoietin. in the course of 
this developmental process they express many erythroid- 
specific markers. In order to investigate the expression of 
cell surface determinants during Rauscher cell differentia- 
tion we generated monoclonal antibodies to uninduced 
celis. Using an anti-Rauscher cell monoctonal antibody, we 
have identified a cell surface determinant, designated 
ERY-1, that is present on normal murine erythroid cells. 


MENE and human erythroleukemia cell lines have 
been studied extensively as model systems of ery- 
throid commitment and differentiation. The Rauscher 
murine erythroleukemia cell line is particularly suitable for 
such investigation because of the ability of these cells to 
differentiate in response to the physiologic inducer erythro- 
poietin as well as to nonphysiologic inducers, eg, dimethy! 
sulfoxide (DMSO).'* The cell line was derived originally 
from Rauscher virus-infected DBA mice and was cloned to 
establish more homogeneous populations.’ Rauscher cells 
resemble immature erythroblasts morphologically, and they 
differentiate into hemoglobin-containing erythroid cells after 
induction. They synthesize all three adult murine globins— 
alpha, beta major, and beta minor.’ Erythropoietin induction 
also results in increased levels of beta-adrenergic receptors‘ 
and membrane spectrin (Bacon ER, unpublished observa- 
tions). While the erythroid nature of Rauscher cells seems 
certain, the stage of differentiation of the uninduced cells 
relative to normal erythropoietic progenitors has not yet been 
determined clearly. Some experimental evidence suggests 
that noninduced Rauscher cells may be at a differentiation 
stage similar to that of the normal erythroid progenitor 
BFU-E. Rauscher cells growing in semisolid medium can 
exhibit a rather diffuse colony morphology reminiscent of the 
BFU-E-derived colony. Moreover, their erythropoietin dose- 
response relationship is remarkably similar to that of the 
normal mouse BFU-E.*? 

In order to examine the process of Rauscher cell differen- 
tiation further, we chose to investigate changes in the expres- 
sion of cell surface determinants that occur during matura- 
tion and to compare these changes to those that occur during 
normal erythropoiesis. Therefore, we generated monoclonal 
antibodies against noninduced (and thus immature) 
Rauscher cells. We anticipated that the antibodies would 
also recognize bone marrow erythroid cells, including pro- 
genitors. We describe here the identification and character- 
ization of an erythroid-specific surface antigen, designated 
ERY-1, which is expressed during certain stages of matura- 
tion of normal erythroid progenitors and of Rauscher cells. 


MATERIALS AND METHODS 
Production of Monoclonal Antibodies 


Male Lewis rats were immunized intraperitoneally with 3 x 10’ 
Rauscher cells (clone 404) at monthly intervals. Sera from immu- 
nized rats were assayed for anti-Rauscher cell antibodies by 
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This determinant is apparently absent from the early 
progenitor BFU-E, but is presént on the more mature 
progenitors CFU-E and CFC-E. it disappears during ery- 
throid maturation and is absent from the mature erythro- 
cyte. This pattern of ERY-1 expression is exhibited with 
remarkable fidelity during the erythropoietin-induced dif- 
ferentiation of Rauscher cells. Such differentiation-specitic 
expression of the ERY-1 determinant suggests that it may 
play a functional role in erythropoiesis. 
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enzyme-linked immunosorbent assay (ELISA; see below), and an 
animal with a high anti-Rauscher cell antibody titer was identified. 
Four days prior to the fusion, the animal selected was boosted 
intravenously with 5 x 10’ cells. At the time of the fusion the animal 
was killed by CO, asphyxiation, and the spleen was removed. The 
fusion protocol was modified from the method of Kennett.” Briefly, 
7.5 x 10’ spleen cells and 1.5 x 10’ P3X63Ag8653 myeloma cells 
(Institute for Medical Research, Camden, NJ) were fused in the 
presence of 0.3 mL of 30% polyethylene glycol 1500 (PEG: BDH, 
Carle Place, NY). The cells were incubated at 37 °C for two minutes 
and then centrifuged at 260 x g at 25°C for six minutes. The 
supernatant was aspirated, and the cell pellet was diluted slowly with 
30 mL of HY-HT medium (70% Dulbecco’s MEM, 20% fetal calf 
serum, 10% NCTC-109 [GIBCO, Grand Island, NY], supple- 
mented with 1.6 x 10°° mol/L glucose, 2 mmol/L glutamine, 1 
mmol/L oxaloacetic acid, 0.5 mmol/L pyruvic acid, 0.2 U/ml. 
insulin, | x 10°* mol/L hypoxanthine, 1.6 x 10°* mol/L thymidine, 


The cells were incubated overnight in a 150 mm plastic petri dish in 
10% CO, at 37°C. The next day, the cells were centrifuged and 
resuspended in 30 mL HY-HT medium containing 4 x 10°* mol/L 
aminopterin (HAT medium). The cells were plated into six 96 well 
Costar (Cambridge, MA) microculture dishes on a feeder layer of 
human fibroblasts and incubated in a humidified incubator in 10% 
CO, at 37 °C. The cells were fed weekly with 50 uL of HAT medium 
per well. The supernatants from the wells containing macroscopic 
hybridoma colonies were screened by ELISA for antibody to 
Rauscher cells, to syngeneic adult murine liver cells, and to thymo- 
cytes. Colonies whose supernatants contained antibodies to 
Rauscher (R) cells but not to adult liver cells (L) or thymocytes (T) 
(RL -T antibodies) were selected for further investigation and 
cloned. One such antibody was found to recognize a determinant 
found on erythroid precursors (see Results). 


Assays for Reactivity of Monoclonal Antibodies 


Enzyme-linked immunosorbent assay (ELISA). Rauscher cells, 
adult murine liver cells, or thymocytes were centrifuged for five 
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minutes at 700 x g and fixed with 0.05% glutaraldehyde into 96 well 
flexible plastic round bottom wells (Dynatech, Alexandria, Va) ata 
concentration of 10° cells/mL (0.1 mL/well). The wells were 
washed twice and blocked with Dulbecco’s phosphate-buffered 
saline (PBS), 1% bovine serum albumin (BSA; Miles Scientific, 
Naperville, H1) for one hour. Supernatants from the hybridoma wells 
were added to each of the three test cell plates (Rauscher ceils, liver 
cells, thymocytes) and incubated for 45 minutes at 4 °C. The ELISA 
plates were washed with the PBS-BSA buffer and incubated with 50 
uL /well of 1:1000 horseradish peroxidase—conjugated rabbit antirat 
IgG antibody (Cooper Biomedical, Malvern, Pa) for 45 minutes at 
4 °C. The plates were washed, and 50 uL of 6 mmol/L O-phenylene- 
diamine /0.01% H,O, (Sigma) substrate reagent was added to each 
well. The reaction was stopped by adding 2N HCI, and the resulting 
chromophore was measured at 490 nm with an EIA reader (Bio-Tek, 
Burlington, Vt). 

Immunofluorescence. Antibody binding to Rauscher cells or to 
DBA/2J murine bone marrow cells, splenocytes, thymocytes, neu- 
trophils, peritoneal macrophages, and platelets was assessed by 
fluorescence flow cytometry (FFC) with an Ortho Cytofluorograf 
System 50 interfaced with 2150 Ortho computer. Cells (5 x 10°) 
were incubated with 100 uL of R*L~T~ hybridoma supernatant for 
30 minutes at 4°C. They were washed three times with PBS and 
then incubated with 100 uL of 1:25 fluorescein isothiocyanate- 
conjugated rabbit antirat IgG (Cooper Biomedical). The cells were 
washed and resuspended in 25 mmol/L HEPES-buffered MEM, 2% 
fetal calf serum, pH 7.3, for fluorescence analysis and sorting. 
Sorted cells were collected into 35 mm petri dishes containing i mL 
of heat-inactivated fetal calf serum. For subsequent morphologic 
examination, the cells were washed and resuspended in fetal calf 
serum, cytocentrifuged onto glass slides (Shandon-Southern Cyto- 
spin SCA-0030, Sewickley, PA) and stained with Wright's Giemsa 
(Harleco). For differential counts, at least 500 cells per slide were 
examined. Portions of cells were collected under sterile conditions for 
in vitro progenitor assays. Neutrophils were obtained from the 
peritoneal exudates of male mice three hours after a single injection 
of calcium caseinate.® Microscopic examination of the cells fixed to 
glass slides and stained with Wright’s stain confirmed that 80% to 
90% of the cells were neutrophils. Peritoneal macrophages were 
harvested by peritoneal lavage of anesthetized but otherwise 
untreated mice. 


In Vitro Hematopoietic Progenitor Assays 


BFU-E, CFU-E, and CFC-E culture. The sorted cell popula- 
tions were analyzed for BFU-E, CFU-E, and CFC-E’ in plasma clot 
culture.’ Bone marrow cells treated with antibody were separated by 
FFC into two populations, those exhibiting moderate-to-high fluo- 
rescence (positive) and those with low fluorescence (negative). 
Antibody-treated, unsorted cells served as the control for these 
experiments. CFU-E/CFC-E cultures were grown for 48 hours in 
the presence of 0.25 U erythropoietin/mL, while BFU-E cultures 
were grown for seven days in the presence of 3 U erythropoietin/mL 
(Connaught, Willowdale, Ontario). At specified times, the clots 
were transferred to microscope slides, fixed with glutaraldehyde, 
stained for hemoglobin with dimethoxybenzidine, and counter- 
stained with hematoxylin. The slides were scored for both erythroid 
colonies from CFU-E (8 or more cells) and for erythroid clusters 
from CFC-E (3 to 7 cells).? The seven-day cultures were scored for 
BFU-E-derived colonies consisting of three or more subcolonies. 

CFU-C culture. The sorted populations were assayed for CFU- 
C granulocytic progenitor growth as described by Marchal and 
Milon.? Bone marrow cells were plated in 96 well microtiter dishes at 
six concentrations, ranging from 400 cells to 12.5 cells/well (60 wells 
for each cell concentration), in DMEM containing 20% fetal calf 
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serum, 5 x 10°* mol/L 2-mercaptoethanol in the presence of 
colony-stimulating factor (CSF) derived from both sera- and lung- 
conditioned media from endotoxin-treated mice. The cells were 
incubated for seven days in 10% CO, at 37°C. Cytocentrifuge 
preparations from the wells containing colonies demonstrated com- 
plete myeloid cell differentiation in this culture system, confirming 
the identity of the colonies as derived from CFU-C. Limiting 
dilution analysis permitted the determination of the number of 
precursor cells in the population. In this assay system diluting the 
concentration of cells plated increases the incidence of wells with no 
colonies. The percentage of wells lacking colonies for each cellular 
concentration plated was then plotted semilogarithmically. Accord- 
ing to the Poisson distribution and assuming a random and indepen- 
dent distribution of progenitors throughout the wells, the concentra- 
tion of celis plated in which 37% of the wells are negative for CFU-C 
colony growth is the cell concentration that contains one CFU-C." 

Phenylaydrazine anemia. A pheaylhydrazine-induced hemo- 
lytic anemia was generated in DBA/2J mice using a modification of 
the method of Spivak et al.” Mice were injected intraperitoneally 
with 0.04 mg phenylhydrazine (Sigma) per gram animal weight at 9 
AM and 3 PM on day | and 9 AM on day 2. Blood was obtained on day 
5 from the retro-orbital venous plexus. 

Erythropoietin induction of Rauscher cells. Rauscher cells 
were induced with 2 U of erythropoietin/mL for specified time 
intervals ranging from five minutes to six days. Erythropoietin was 
prepared in our laboratory from the urine of anemic human donors 
and had a specific activity of 1050 U/mg. The cells were harvested, 
washed in PBS, and ERY-1 was measured by FFC. The changes in 
antigen density were quantitated by converting the median fluores- 
cence intensity of the experimental samples from a log scale to linear 
fluorescence intensity units.'*'* 

Western blot analysis of ERY-1 antigen. Whole cell lysates and 
plasma membrane preparations of logarithmically growing 
Rauscher cells were subjected to discontinuous polyacrylamide gel 
electrophoresis through 10% gels. The proteins were then transferred 
to nitrocellulose paper electrophoretically’ and remaining protein 
binding sites were blocked with a solution of 3% bovine serum 
albumin in 25 mmol/L Tris-HCI, 500 mmol/L NaCl, pH 7.5. The 
nitrocellulose was incubated for two hours with dilutions of ERY-! 
monocloral antibody (MAb) ascites (Deca-Probe, Hoefer Scientific, 
San Francisco), washed, and then incubated with 1:1900 horseradish 
peroxidase-conjugated goat antirat IgG. Bound antibody was 
detected with 4-chloro-1-naphthol and H,O.. 


RESULTS 


Binding of Monoclonal Antibody ERY-1 to Rauscher Cells 
and to Normal Marrow Cells 


Numerous supernatants from the fusion contained anti- 
bodies that bound to Rauscher cells but not to liver cells or 
thymocytes in the screening ELISA (R*L~T™ antibodies; 
see Materials and Methods). The binding of these antibodies 
to Rauscher cells and to normal marrow cells was examined 
by FFC. The Rauscher cell-binding profile of one of these 
antibodies, designated ERY-1, is shown in Fig |. Greater 
than 80% of Rauscher cells bound MAb ERY-! compared to 
the control rat IgG. In contrast, only 26% of Friend murine 
erythroleukemia cells bound MAb ERY-1 (not shown), and 
this was at far lower fluorescence intensities than the 
Rauscher cells. Human K-562 cells did not bind MAb 
ERY-1. 

The initial flow cytometric analysis of MAb ERY-! 
binding showed that a population of cells within normal 
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Fig 1. Fluorescence flow cytometry profile of Rauscher cells 
analyzed with MAb ERY-1 (solid line). The dotted line represents 
normal rat IgG control. 


murine bone marrow bound the antibody (Fig 2A). Those 
cells that exhibited MAb ERY-1! binding were a continuous 
rather than discrete population whose fluorescence distribu- 
tion was a broad shoulder of gradually increasing fluores- 
cence intensity when compared to the control cell population 
that was incubated with irrelevant rat IgG (Fig 2A). This 
fluorescence distribution was different from that obtained 
when an antimyeloid monoclonal antibody, MAb MYELO- 
2, was used (Fig 2B). In this case a discrete population of 
cells was well separated from the control (and nonreactive) 
population. 

Using MAb ERY-1, we sorted normal bone marrow cells 
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Fig 2. Fluorescence flow cytometry profiles of bone marrow 
cells sorted with anti-Rauscher cell monoclonal antibodies ERY-1 
(A) and MYELO-2 (B). The dotted lines are normal rat igG 
controls. 
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Table 1. Binding of ERY-1 Monoctonal Antibody to Normal 
Murine Bone Marrow Celis Assessed by 
Fluorescence Flow Cytometry 











Cell Type (%) 
Population Erythroid Lymphoid Myaloid 
ERY-1~ 44 17 39 
ERY-17 0 14 86 
Unsorted 16 22 62 





into “positive” (ERY-1*) and “negative” (ER Y-1~) popula- 
tions (see Fig 2A for sorting gates) and examined them 
morphologically after spinning onto glass slides, fixing, and 
staining (Table 1). The ERY-1* population consisted of 44% 
erythroid cells, 17% lymphoid cells, and 39% myeloid cells. 
This was in contrast to the ERY-1~ population, which 
contained 0% erythroid cells, 14% lymphoid cells, and 86% 
myeloid cells. These data suggested to us that MAb ER Y-1} 
recognized a determinant that was at least predominantly 
erythroid and prompted further investigation using highly 
enriched populations of hematopoietic cells. 


Binding of Monoclonal Antibody ERY-! to Enriched 
Populations of Hematopoietic Cells 


Further confirmation of the erythroid nature of the 
ERY-1 antigen was sought by examining the binding of 
MAb ERY-1 to fetal and adult liver cells. Liver erythropoie- 
sis is quite brisk in the 12- to 13-day-old murine fetus. 
However, it begins to decline markedly at day 14 and has 
essentially ceased at the time of birth. Using fluorescence 
flow cytometric analyses, we found that the 13-day murine 
fetal liver contained 70% ERY-1* cells (Table 2). This value 
decreased to 35% ERY-1* at day 14 and, finally, to a total 
absence of ERY-1* cells in the adult. Thus, the pattern of 
MAb ERY-1 binding to murine fetal liver cells paralleled 
that of hepatic erythropoiesis, supporting the identification 
of the ERY- determinant as an eythroid antigen. 

In contrast, MAb ERY-1 did not bind to enriched popula- 
tions of neutrophils, splenic lymphocytes (predominantly B 
cells), thymocytes, peritoneal macrophages, or platelets (Ta- 
ble 2). These results provided strong evidence that the 
ERY-1 determinant is restricted to the erythroid lineage and 
that the presence of nonerythroid cells in the ERY-1* 
population obtained after sorting normal bone marrow (Ta- 
ble 1) was due to the gate settings of the Cytofluorograf. 


Table 2. Binding of ERY-1 Monoclonal Antibody to 
Murine Hematopoietic Celis 





Cell Type ERY-1* Celis (94) 

Fetal liver 

13 day 70 

14 day 35 
Adult liver 0 
Neutrophils <4 
Lymphocytes, spleen <7 
Thymocytes <] 
Macrophages, peritoneum <4 
Platelets <f 
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Identification of ERY-1* Cells in the Bone Marrow, 
Spleen, and Peripheral Blood During Erythropoietic Stress 


Our initial flow cytometric and morphological examina- 
tion of MAb ERY-1! binding to normal bone marrow indi- 
cated that the monoclonal antibody bound to erythroid 
precursors. Therefore, conditions of erythropoietic stress that 
result in higher frequencies of erythroid precursors should 
cause an increase in the relative number of ERY-1* cells. 
We compared the percentages of ERY-1* cells present in the 
bone marrow, spleen, and peripheral blood of normal animals 
to those in animals with phenylhydrazine-induced hemolytic 
anemia (Table 3). The number of ERY-1* cells in the 
normal bone marrow of three mice tested ranged from 12% 
to 19%. This value increased to 38% during phenylhydrazine 
anemia. Similarly, the number of ERY-1* cells in the spleen 
rose from less than 1% in the normal spleen to 32% in the 
erythropoietic spleen of phenylhydrazine treated animals. 
Lastly, the peripheral blood of normal animals contained 0% 
ERY-1* cells. This value rose markedly to 40% during 
phenylhydrazine anemia. 


Binding of Monoclonal Antibody ERY-1 to Progenitor 
Cells 


The data presented thus far indicated that the ERY-1 
antigen is present on developing erythroid precursors but 
that it disappears sometime before erythroid maturation is 
complete. Since this pattern implied that the expression of 
ERY-1 is specific for certain states of erythroid differentia- 
tion, we considered it important to determine the distribution 
of this determinant among various progenitor cells. The 
analysis was performed as follows. Normal bone marrow 
cells were reacted with ERY-1 monoclonal antibody and 
separated into ERY-1* and ERY-1~ populations by FFC: 
Approximately 15% to 20% of the normal cells were desig- 
nated ERY-1*. Sorted populations of cells that were either 
ERY-1` or moderately to strongly ERY-1* were collected 
and assayed in vitro for BFU-E, CFU-E, and CFC-E, and for 
granulocyte progenitors (CFU-C) (Table 4). 

The most primitive of the erythroid progenitors, BFU-E, 
was completely absent from the ERY-1* population and was 
present in the ERY-1~ population. This was in marked 
contrast to the more mature progenitor CFU-E which was 
found almost exclusively (98%) in the ERY-1* population. 
This appearance of the ERY-1 antigen on the CFU-E was 


Table 3. Identification of ERY-1* Cells in Bone Marrow, Spleen, 
and Peripheral Blood of Normal and 
Phenythydrazine-Treated Animals 








Celis ERY-1° Calis (%) 

Bone Marrow 

Normal 12, 19, 17* 

Phenyihydrazine 38 
Spleen 

Normal <4 

Phenythydrazine 32 
Peripheral Blood 

Normal Q 

Phenyihydrazine 40 


ene aeae 


*Three separate determinations. 
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Table 4. Binding of ERY-1 Monocional Antibody 
to Progenitor Celis 





Sorted Papulation* 
Progenitor ERY-1° ERY-1~ 
BFU-E 0 12 
CFU-E 240 6 
CFC-E 85 0 
CFU-C 83 555 





*Progenitors per 10° cells. 


maintained into the most mature progenitor population, the 
CFC-E, all of which were ERY-1*. As expected, the granu- 
locyte progenitors, CFU-C, were found highly concentrated 
in the ERY-1~ population. Thus, detectable ER Y-! expres- 
sion appears to begin between the BFU-E and CFU-E stages 
of erythroid progenitor differentiation and continues through 
erythroid progenitor development. The determinant is found 
on identifiable precursors but disappears before final eryth- 
rocyte development (Fig 3). 


ERY-1 Expression During Rauscher Cell Differentiation 


The pettern of ERY-1 antigen expression occurring dur- 
ing normal erythroid development was reflected during the 
differentiation of Rauscher cells. As shown in Fig 4, the 
density o` ERY-1 antigen was slightly higher after six hours 
and doubled within the first day of erythropoietin induction, 
analogous to the increase found as BFU-E develop into 
CFU-E. This was followed by a reduction to 137% of the 
starting density after two days and a dramatic decrease to 
less than 7% of maximum after six days of induction with 
erythropoietin. This pattern of ERY-1 expression, which was 
identified in three replicate experiments, strongly resembles 
the pattern found during normal erythropoiesis, further 
confirming the similarity of Rauscher cell differentiation to 
normal bone marrow erythroid development. In similar 
experiments using dimethyl sulfoxide induction, no initial 
increase in ERY-1 was detected. As DMSO induction was 
continued, however, ERY-1 expression diminished corre- 
spondingly and was less than 10% after six days. 


Western Blot Analysis of ERY-1 


Rauscher cell plasma membrane preparations and whole 
cell lysates were subjected to SDS gel electrophoresis and 
Western blot analysis in an effort to begin a biochemical 
characterization of the ERY-1 antigenic determinant. How- 
ever, des rite repeated efforts, no specific binding of the MAb 
to any protein bands was found. This strongly suggests that 
the epitope identified by the antibody on the native antigen is 
altered upon denaturation with SDS. 
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Fig 3. Modei of ERY-1 antigen expression during normal 
erythropoiesis, 
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Fig 4. Effect of erythropoietin induction on Rauscher cell 
ERY-1 membrane antigen density. Units of antigen density are 
linear fluorescence units as volts converted from the log scale.'*"* 
The fluorescence obtained using equivalent concentrations of 
irrelevant rat igG was less than 0.05 units at all time points and has 
been subtracted from the ERY-1 values. The points represent the 
mean + /— SE of three replicate experiments. 


DISCUSSION 


In the present study we have employed the continuous cell 
line Rauscher murine erythroleukemia as immunogen and 
have generated a monoclonal antibody that recognizes an 
antigenic determinant, designated ERY-1, present on nor- 
mal erythroid progenitors and precursors. The data indicate 
that the ERY-! antigen is restricted to the erythroid lineage 
and is expressed only during certain stages of erythropoiesis. 

Initial FFC analyses (Fig 2A) showed that the population 
of bone marrow cells expressing ER Y-1 was continuous with 
the negative population rather than separated discretely (Fig 
2B). Hence, the fluorescence intensities employed to discrim- 
inate “positive” from “negative” cells were necessarily some- 
what arbitrary. The consequences of this partial overlap of 
populations is seen in Table 1. Thus, although no erythroid 
precursors were found in the ERY-!~ population (ie, all 
erythroid precursors were ERY-1*), the ERY-1* population 
in this analysis was not exclusively erythroid. Although an 
alternate explanation for this observation is that a portion of 
both myeloid and lymphoid cells actually expresses the 
ERY-1 determinant, this seems quite unlikely, since the 
ERY- determinant was not found on highly enriched popu- 
lations of these and other nonerythroid hematopoietic cells 
(Table 2). 

ERY-! antigen was not found on the early erythroid 
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progenitor, BFU-E. In this regard it is important to note that 
the lower limit of detection of cell surface determinants using 
conventional FFC, such as that employed in this study, is 
approximately 10,000 molecules per cell, Thus, the designa- 
tion of BFU-E as ERY-!~ must be considered as relative 
rather than absolute. Nonetheless, ERY-1 expression is 
clearly increased markedly in the CFU-E and CFC-E and 
decreases thereafter during precursor maturation. Impor- 
tantly, this pattern of ERY-1! expression was exhibited with 
remarkable fidelity during erythropoietin-induced Rauscher 
cell differentiation, supporting the use of these cells as a 
model system for the study of erythropoiesis. 

Monoclonal antibodies that recognize surface determi- 
nants restricted to immature mammalian erythroid cells 
have been reported previously. Yokochi et al described two 
antibodies that bind to immature human erythroid cells at 
different stages of differentiation." A third MAb, reported 
recently from this same laboratory, binds to CFU-E, erythro- 
blasts, and mature erythrocytes.” Tonevitsky et al have 
developed a rat MAb that recognizes a 69 kD antigen found 
on murine nucleated red cells and reticulcytes.'* Although 
many other MAbs that bind to erythroid cells have been 
described, strict lineage specificity is quite unusual. 

At present, the identity and function of the ERY-1 antigen 
is unknown. It does not appear to be associated with the 
transferrin receptor since it exists at a very low density on 
Friend cells which are known to express greater than 10° 
copies of the transferrin receptor per cell.'? Moreover, the 
absence or presence of excess transferrin has no effect on the 
binding of MAb ERY-1 to Rauscher cells (data not shown). 
Since the pattern of ERY-1 expression during differentiation 
of erythroid progenitors resembles the pattern of erythro- 
poletin sensitivity, it is possible that the ERY-1 antibody 
recognizes the erythropoietin receptor or a macromolecule 
associated with it. The addition of ERY- antibody to 
Rauscher cell cultures results in striking cell clustering but 
does not interfere with the ability of the cells to grow or to 
respond to erythropoietin (data not shown). Nevertheless, 
the antibody could recognize a portion of the receptor remote 
from the hormone-binding domain. Another possibility to be 
considered is a relationship between the ERY-1 determinant 
and the fibronectin binding sites found on erythroleukemia 
cells and on immature, normal erythroid cells.*°?' ER Y-1} 
expression during normal and Rauscher cell erythropoiesis is 
remarkably similar to that reported for these sites. Finally, 
the similarity of ERY-1 to EP-1, a determinant found on 
human erythroid cells,’ must be noted. Establishing the 
identity and function of ER Y-1 and other related differentia- 
tion-specific antigens may be pivotal in elucidating the 
processes of erythropoietic commitment and differentiation. 
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Hydroxyurea-Induced Augmentation of Fetal Hemoglobin Production in Patients 
With Sickle Cell Anemia 


By Samuel Charache, George J. Dover, Martha A. Moyer, and Jay W. Moore 


Five patients with sickle cell anemia were treated with 
hydroxyurea (HU), in hopes of augmenting their production 
of fetal hemoglobin. Laboratory responses in two patients 
treated for more than 2 years were encouraging and there 
were suggestions of clinical improvement. Long-term HU 
therapy should be considered for severely affected adults 
with sickle cell anemia who are willing to accept what is 
probably a small risk of carcinogenesis. Preliminary chro- 
mosomal analysis and knowledge of the ciastogenic prop- 


N 1948 Janet Watson reported that the red cells of 
newborns with sickle cell anemia did not sickle and 
suggested that inhibition of sickling was due to the presence 
of fetal hemoglobin (Hb F).' Discovery of pancellular heredi- 
tary persistence of fetal hemoglobin (HPFH) and its interac- 
tion with sickle cell trait (S/HPFH) provided clinical evi- 
dence for inhibition of sickling by Hb F,* and the studies of 
the Singers,’ Bertles et al,* Nagel et al,° and Goldberg et al‘ 
provided explanations for inhibition at a molecular level. 

In patients, it has been difficult to demonstrate a benefi- 
cial effect of increased Hb F levels on severity of illness, in no 
small part because of difficulties in defining severity. 
Increased longevity’® in adults, decreased sequestration 
crises in children,’ and decreases in certain well-defined 
events’? have been associated with increased Hb F, as have 
the milder courses of Saudi Arabians with the disease. 7? 

Much effort was devoted to attempts at therapeutic 
exploitation of these findings, but is was not until DeSi- 
mone et al showed that administration of 5-azacytidine 
(AzaC) to anemic baboons caused remarkable increases in 
Hb F production" that clinical studies became possible. Cast 
in contemporary terms, but based on much older work, 
the goals of such studies were to raise the proportion of Hb 
F-containing cells (F cells) and the amount of Hb F/F cells, 
and compare these increases with decreases in hemolysis and 
the severity or frequency of vaso-occlusive crises. 

We'* and others’? showed that AzaC increased Hb F levels 
in humans, and we gave preliminary evidence that it might 
have therapeutic benefit when used on a long-term basis. 
Methods were developed to permit its oral administration, a 
necessary prerequisite if it was to be used on a long-term 
basis,” but enthusiasm for use of AzaC was chilled by 
early’? and more recent” reports that the drug was proba- 
bly a carcinogen in laboratory animals. 

The mechanism of action of AzaC on Hb F synthesis is 
unclear.” Three hypotheses have been advanced: (1) dere- 
pression due to hypomethylation of cytosine residues, 8"? (2) 
“recruitment” of early red cell precursors during recovery 
from drug-induced marrow suppression,” and (3) direct 
“reprogramming” of relatively late precursors by a direct 
effect of the drug.” The debate is still in progress, but the 
recruitment hypothesis led to use of hydroxyurea (HU) for 
augmentation of Hb F synthesis."*7' HU is readily available 
and easily administered; although reported to be noncarci- 
nogenic” in a limited study, it is a mutagen” and terato- 
gen. 
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erties of HU suggest that conception and pregnancy should 
be avoided. Pharmacokinetic studies will probably be nec- 
essary to adjust individual dosage schedules so that cyto- 
toxicity is avoided. F cell responses can be seen in 2 to 3 
weeks if the HU dose is optimal, but establishment of a 
large number of F cells in the circulation may take a month 
or longer. 

® 1987 by Grune & Stratton, inc. 


We report here our experience at The Johns Hopkins 
Hospital with long-term use of HU for treatment of patients 
with sickle cell anemia. Questions discussed include dosage 
regimens, hematologic effects, clinical responses, and unto- 
ward effects of the drug. Intensive observation of two 
patients for more than 2 years permits speculation on the 
number of F cells and proportion of Hb F needed to 
ameliorate crises and the role of dense red cells in crises, and 
has led to suggestions for future trials of the drug. 


MATERIALS AND METHODS 


Patients were considered for admission to the study only if they 
had failed or could not continue any other means of therapy and were 
seriously disabled by their disease. They were informed of potential 
carcinogenesis, and consent was not obtained until both the patient 
and a friend or relative had attended several sessions at which 
potential risks and benefits of treatment and obligations of investiga- 
tor and research subject were described in detail. The consent form 
and the process of obtaining consent were approved by The Johns 
Hopkins Committee on Clinica! Investigation. 

Capsules of HU (Hydrea, Squibb, Princeton, NJ) were purchased 
at a pharmacy; no attempt was made to “blind” either patient or 
investigator. Baseline studies and initiation of therapy were done in 
the Inpatient Research Center; thereafter, patients were followed at 
l- to 4-week intervals in the Outpatient Research Center. Patient H 
was followed up by Drs. P. Roberts and P. Milner (Medical College 
of Georgia, Augusta), and samples were sent by overnight express 
mail. 
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Blood counts were done by a Coulter S+1V (Coulter Electronics, 
Hialeah, FL), reticulocytes were counted using thioflavin T and an 
EPICS-C flow cytometer (Coulter Electronics), * and Hb F in 
hemolysates was measured by alkali denaturation. Proportion of F 
cells (red cells that contain Hb F) and F reticulocytes (reticulocytes 
that contain Hb F) were assayed by previously described methods”; 
the amount of Hb F/F cell was calculated from the Coulter mean 
corpuscular hemoglobin (MCH), the hemolysate Hb F level, and the 
proportion of F cells (Table 1); the calculation was validated by 
independent immunoprecipitation reactions in some instances.” 
Because MCH is the same in F and non-F cells,** Hb S/F cell and 
S/S cell were readily calculated. The proportion of dense red cells 
(d > 1.120, mean corpuscular hemoglobin concentration [MCHC] 
>37 g/dL) and median corpuscular hemoglobin concentration were 
estimated after centrifugation through mixtures of phthalate esters 
of varying density.” Blood HU levels were measured at intervals 
after a test dose of 25 mg/kg (to the nearest 500 mg), using the 
method of Fabricius and Rajewsky” as modified by Belt et al.“ 
DNA haplotypes associated with the y-ô-8 gene cluster were deter- 
mined in the laboratory of Dr S. Antonarakis (Johns Hopkins 
University School of Medicine, Baltimore). For chromosomal 
analysis, lymphocytes from peripheral blood were stimulated to 
divide with phytohemagglutinin and cultured for 72 hours in Eagle's 
minimum essential medium supplemented with 13% fetal calf serum 
(GIBCO, Grand Island, NY). Cells were arrested in metaphase with 
demecolcine, and a minimum of 30 G-banded chromosomes were 
counted and analyzed (without knowledge of the patient's identity) 
for structural rearrangements and aberrations.” 

When patients developed pain, they were treated at home with 
oxycodone and acetaminophen capsules; if pain could not be man- 
aged, they came to the emergency department. A decision whether 
or not they required admission was made within 12 hours by the staff 
there, with no advice or input from the investigators; decisions 
regarding discharge were made by the patient. Patients often asked 
about their hemoglobin or hematocrit levels but were not aware of 
Hb F, F reticulocyte, or F cell values. All patients were told to take | 
mg folic acid per day. 


Patients 


Responses of patients A and C to AzaC were described earlier" 
and their and patient E's initial responses to HU have also been 
described”! Patient A is now 33 years old and has transfusion- 
related hemochromatosis and diffuse but asymptomatic bone dis- 
ease. Patient C is now 47; he has severe bone disease and early renal 
disease and has suffered two strokes. Patient E is a 31-year-old 
woman who has consumed large amounts of narcotics because of 
recurrent intractable abdominal pain; she was referred by Dr T. 
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Gabuzda (Philadelphia). Patient F is a 25-year-old woman who had 
unremitting ankle ulcers and severe anemia; she could not be 
transfused because of prior alloimmunization. Patient G, 31 years 
old, was referred by Dr S. Glaser (Baltimore) because of recurrent 
severe pair; she had had a delayed transfusion reaction after 
exchange transfusion and did not wish to be transfused again. 
Patient H, a 35-year-old man, could not be transfused and had 
shown no improvement when treated with DDAVP, heparin, or 
phiebotomizs; his mean corpuscular volume (MCV) on admission 
was 62 but rose to normal after treatment with iron. When his 
Hickman catheter became infected and had to be removed, he 
withdrew from the study. None of the patients was physically 
dependent on narcotics. 


RESULTS 
Drug Dosage 


Drug regimens used and some measures of red cell produc- 
tion and Eb F synthesis are summarized in Table 2. Patients 
A and C were initially treated with 50 mg/kg 3 days a week, 
and both tecame reticulocytopenic’’; treatment was resumed 
at lower dosage after recovery from marrow depression, but 
the HU dcsage did not become stable until day 98 for patient 
A and day 50 for patient C. In patients E and H, F 
reticulocy-e production stabilized after about 3 weeks (Fig 1) 
and the tabulated data start at that point. Patient G, not 
shown in Table 2, received only two doses of HU for 
measurement of its renal clearance and then withdrew from 
the study. Patient H, followed with some difficulty because 
of lack o° venous access and residence in Georgia, was 
treated conservatively. 

Our earlier studies? indicated that marrow suppression 
might be related to decreased renal clearance of HU in 
patients whose kidneys did not function normally.” Serum 
urea nitrogen and creatinine, creatinine clearance, and HU 
clearance were measured in each of six patients (Table 1). As 
previously reported,” the clearance of HU in sickle cell 
anemia (SS) patients given a standard dose of HU (25 
mg/kg) varies considerably. We noted (Table 1) that the F 
reticulocyte response ratio (absolute F reticulocyte count on 
day 8 after the clearance study divided by the count before 
therapy) was inversely correlated with peak and 6-hour HU 
plasma concentrations, as well as the rapidity of plasma HU 
clearance as measured by total area under the concentration- 
time curve (AUC).* 


Table 1. Creatinine and Hydroxyurea Clearances 





F Retic 
Patient Cr PHU ren {HU],* AUC, + AUC $ Response Ratio§ 
A 0.8 27 6 930 1,070 3.9 
Cc 0.9 71 14 *,700 2,390 1.5 
E 0.6 67 22 "930 3,710 0.4 
F 0.4 71 24 "470 1,470 t.7 
G 0.6 36 8 950 1,150 4.7 
H 0.9 65 8 “440 1,650 2.8 
r for F retic response ratio 0.14 ~~ 0.84 —0.83 —0.97 — 0.85 — 
P for F retic response NS 0.034 0.002 0.033 0.040 — 
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*Cancentrations expressed as 1075 mol/L. 


+Area under concentration-time curve for 6 hours after test dose. 
tArea under concentration-time curve extended to infinite time. 


§Ratio of absolute number of F reticulocytes on day 8 after therapy to pretreatment F reticulocyte number. 
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Table 2. Red Celi Production and HbF Synthesis 











Mean Mean 
HU Mean Mean Mean Median Mean Mean Abs F Mean Max HbF/F MCSHC Dense 
Days E = = MCV MCH MCHC AbsRetic  Meanf FRetic Cells HbF HbF Cell Fells Celis 
Patient of Rx mg/kg/d d/wk (g/d) {f} = (pg), (g/d) «= (10°/ut}  Retic(%)}) = (707/ul) (%) 9H}  (%) pg) igid? (8) 
A o*t 0 0 11.1 96 34 (36)§ 519 4 21 10 16 — 5.4 30 — 
O+ 0 0 8.9 110 38 33 185 8 15 44 79 — 7.2 26 das 
98-147 45 2 10.1 121 42 30 249 27 65 39 11.9 17.9 12.8 24 Q 
168-262 36 2 114.1 129 45 31 174 28 48 40 12.3 17.9 13.8 24 0.4 
265-378 36 1 8.9 133 46 31 280 26 56 31 86 17.4 12.8 25 2.1 
539-685 18 3 10.2 113 39 31 420 20 77 39 8.7 1141.7 8.7 27 5.0 
692-867 18 4 12.1 124 42 32 302 25 70 56 13.0 15.9 9.9 a? 28 
C O*t 0 O 8.0 98 34 (35)§ 345 14 48 17 29 — 568 28 = 
Ot 0 0 9.5 122 42 32 243 20 49 62 16.5 — 11.8 25 5.7 
50-867 29 1 9.8 126 41 34 306 31 87 62 18.1 22.9 12.0 23 4.8 
E Ot 0 0 8.6 89 31 30 361 26 $3 25 2.9 — 3.0 31 0 
19-68 45 3 8.7 104 36 31 277 33 84 48 10.7 16.6 7.1 28 4.2 
69-125 39 3 9.2 117 39 — 252 37 94 57 11.5 16.4 8.0 28 mee 
F 0 0 0 6.4 91 34 32 450 8 19 11 41 o  —— 3.4 34 29.0 
20-27 42 2 6.4 102 38 34 374 24 78 21 3.1 3.1 5.8 33 0 
28-44 42 1 6.5 103 37 34 389 19 39 — 4.6 52 5.2 31 Q 
H 0 0 0 8.6 64 21 29 215 3 4 6 10 0 — 3.5 27 Q 
33-86 14 3 9.9 84 27 29 270 17 44 25 3,1 4.7 3.3 28 10 
90-110 20 3 10.2 92 30 29 339 18 63 37 5.3 5.6 4.3 28 g 
195-239 7 7 10.7 89 30 32 329 11 35 35 79 9.6 6.8 25 7.0 


rearenn 





Cell = MCH; MCSHC in F Celis = (S/F Cel/ MCV). 
*Before AzaC; transfused. 
+Two weeks after end of AzaC therapy. 
t Transfused. 
§Coulter counter; other values are based on density gradient centrifugation. 


Hematologic Effects production in recent months, coincident with a change in 
treatment from three to four days per week. The change has 
been gradual, over a period of 5 months. Patient E reached 
maximum F cell and Hb F levels after about 2 months of 
treatment; patient H, treated more conservatively, showed 
increasing levels when therapy was stopped after 3'4 months 
(Fig 1). Absolute reticulocyte counts fell below baseline at 
some points in most patients but remained over 200,006/ 
mm’ (except during folate deficiency in patient A). No 
patients developed thrombocytopenia or severe neutropenia 
(<2,000/mm’), but patient C exhibited intermittent lym- 
phocytosis (see below under Clinical Responses). There was 
no clear relationship between DNA polymorphisms within 
the y-6-8 gene cluster***°*’ and F cell response. 

MCV and MCH rose markedly in patients who responded 
(Table 2), but there was little or no change in median 
MCHC as estimated from phthalate ester density gradients. 
As expected,” the calculated Hb F/F cell and number of F 
cells varied independently, and the concentration of Hb S 
within F cells decreased. The early rise in Hb F (and MCV) 
observed in patient H may have been related to treatment of 
iron deficiency (Fig 1). 


The proportion of F reticulocytes, F cells, and Hb F in 
hemolysates rose during therapy with HU (Table 2). Indices 
of Hb F production varied considerably over time but 
appeared to behave in a more concerted fashion in patient A 
than in patient C. Patient A has shown an increase in Hb F 
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DAYS Clinical Responses 


Fig “Ac. ‘Responee OF pedonis E ana Ti t0 HU. ERa ‘been Patient A’s crises have become shorter and milder (Fig 2) 


represent HU and the stippled bar FeSO, treatment. hours’ duration but has resumed full-time employment. 
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Fig 2. Clinical responses to HU therapy. Days of observation 
are shown in parentheses, and percentages of those days spent in 
hospital because of vaso-occlusive crises are plotted. 


Patient E continued to complain of intermittent abdominal 
pain during treatment; a biliary stricture was discovered, and 
reconstructive surgery was done. Her complaints disap- 
peared, and she elected to discontinue therapy. Patient F 
showed no healing of her ankle ulcer and only a small 
response to HU therapy. The crisis she experienced while 
hospitalized was quite mild but represented a change from 
her usual condition. Patient H is still incapacitated by his 
disease but did not receive enough HU to be considered a 
treatment failure. 

An attempt was made to relate the occurrence of inpatient 
crises in patients A and C to one or more of the measure- 
ments made on red cells. There was little difference between 
sets of data collected during vaso-occlusive crises, between 
crises, and during the week preceding a crisis (while the 
patient was pain free). In particular, there were no differ- 
ences in red cell distribution width (RDW) or the proportion 
of dense cells between the three clinical situations. It should 
be noted that patient C had almost as many crises as patient 
A, but they lasted for one to two days, rather than for weeks 
at a time. 


Untoward Effects 


Toxicity. Patient A developed megaloblastic anemia on 
day 416, which responded promptly to folic acid; he had run 
out of tablets several months before. On day 576 he was 
admitted with atrial fibrillation, which responded to a brief 
course of digoxin and has not recurred; the etiology was 
thought to be cardiac hemochromatosis. An area of altered 
density in his liver on abdominal sonography could not be 
detected by computed tomography (CT) scan and was 
thought probably to be due to fibrosis. 

Patient C, who has intermittent lymphocytosis, developed 
disseminated herpes zoster on day 335. Response to acyclovir 
was prompt; his varicella zoster antibody titer was 1:200 and 
rose to > 1:2,000; he was not anergic; proportions of T and B 
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cells were 60% and 30%; and his T4-T8 ratio was 1:1. At the 
beginning of AzaC therapy his differential white count was 
normal, but he had too few T cells to count; the T4-T8 ratio 
was 0.5 when he was switched to treatment with HU. It is 
currently 3.6 and that of patient A is 1.2. 

Patients F and H complained of mild nausea after taking 
several capsules of HU simultaneously, but these complaints 
diminished when the dose was divided or lowered. Patient G 
developed a high fever after one HU clearance study but did 
not after a second; her participation in the study was 
terminated by mutual agreement. 

Chromosomal analyses. During therapy with AzaC 
patients A. and C were found to have an increased number of 
chromosomal structural rearrangements or deletions; unfor- 
tunately, chromosomal studies were not carried out before 
AzaC the-apy. Specimens from patients E, G, and H yielded 
abnormal patterns before treatment with HU. Subsequent 
analyses during HU therapy (Fig 3) showed no progression 
of changes in patients A, C, or H. Many affected cells in 
patient G had more than one of the acquired aberration, 
suggestive of a recent viral infection." She also was the only 
patient transfused within several weeks of chromosomal 
analysis. Potential causes of the observed rearrangement and 
breaks included an effect of prior transfusion, narcotics, 
street drugs, unrecognized viral infection, or a complication 
of the the-apeutic regimen.” 


A STRUCTURAL REARRANGEMENTS 
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Fig3. (A} Chromosomal abnormalities in patients treated with 
HU (A thrcugh H} and in untreated SS controls studied at the same 
time {1 through 7). Subscripts a through c represent serial 
samples: At least 30 cells were examined in each analysis (mean = 
61). (B) Solid bars represent numbers of breaks observed, and 
open bars represent numbers of affected cells. The contro! 
patients were 6 to 34 years of age (mean = 24); five of them had 
been extensively transfused, but only patient 1 had received 
significant amounts of narcotics. INVER = inversion; DELET = 
deletion; TRANS = translocation. 
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Two groups of controls were studied at the same time as 
the patients who were treated with HU. Seven sickle cell 
anemia patients, most of whom had been extensively trans- 
fused but had little exposure to narcotics, served as untreated 
controls and were studied at the same time as the treated 
patients. One SS control had a single chromosomal rear- 
rangement as did two of 13 AA controls. One SS control had 
a number of chromosomal aberrations, but as noted in the 
specimen from patient G, there was more than one aberra- 
tion per affected metaphase (17 aberrations/9 affected 
metaphases), which is compatible with a recent viral infec- 
tion.“ 

No structural rearrangement or deletion was found in 
more than one cell, and the chromosomal breaks were 
random. Abnormalities were found in two of 13 normal (AA) 
controls, but three cells were involved in each of them. 

Carcinogenesis. No patient has developed evidence of a 
malignant disorder on physical examination. Chest x-rays, 
bone surveys, abdominopelvic CT scans, and sonograms of 
the testicles have been done in patients A and C at 6-month 
intervals; neither they nor physical examinations have dis- 
closed any new abnormalities since the beginning of experi- 
mental therapy with AzaC (44 months in patient A and 35 
months in patient C). 


DISCUSSION 
Prediction of Response 


We have recognized three of the factors that appear to 
determine the response of SS patients to HU: HU clearances, 
baseline F reticulocyte production, and dosage regimen. 

Earlier we observed that F reticulocyte production after 
HU administration was related inversely to the serum creati- 
nine level and directly to the rapidity of HU clearance from 
plasma.” Those suggestions are supported by the data 
reported here. In the previous report, three patients with 
serum Creatinine above 1.0 mg/dL showed marrow suppres- 
sion and failure to increase their F reticulocyte levels. No 
patient in this report has a creatinine level above 0.9, and all 
responded with substantial increases in F cell production. In 
the earlier report, rapid HU clearance appeared to be 
associated with a high F reticulocyte response. Here studies 
of HU clearance (including AUC analyses as well as plasma 
levels) could be used to predict initial and highest mean F 
reticulocyte response ratios. They could not be used to 
predict highest mean F cells, Hb F, or F/F cell, nor did they 
predict the mean F reticulocyte count for a given dose of HU 
per se. For example, the patients with the fastest (A) and 
slowest (E) clearances had the highest and lowest F reticulo- 
cyte response ratios, but the maximum mean F cell and Hb F 
levels they achieved were similar (Tables 1 and 2). 

A second factor involved in determining the response to 
HU is the patient’s genetically determined baseline F reticu- 
locyte production level. This level ranges from 4% to 50% 
F reticulocytes,’ is inherited,“ and is fixed some time after 
the first year of life.” As we suggested earlier, the patients 
with high initial counts (C and E) eventually achieved the 
highest mean F reticulocyte counts during treatment, and C 
achieved the highest F cell count, Hb F level, and Hb F/F 
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cell (Table 2). DeSimone obtained similar results in baboons 
treated with AzaC, in a situation where inherited variations 
of F cell production are similar to those in humans.” DNA 
polymorphisms around the y-6-8 gene cluster have been 
reported to correlate with increased levels of Hb F,4**7* but 
such analyses in our patients did not yield a convincing Hb F 
pattern. 

A third determinant of the F reticulocyte response is 
dosage regimen. The two patients studied for several years 
appear to have different optimal regimens. During recent 
months patient A responded better to HU when it was given 
four days a week rather than three, and Alter and Gilbert 
have reported that patients receiving HU for myeloprolifera- 
tive syndromes produce more Hb F on a daily rather than an 
intermittent dosage schedule.” Our present hypothesis is 
that patients’ ability to rapidly excrete HU and their baseline 
F reticulocyte production levels are important determinants 
of their response to HU, but that the influence of the former, 
at least, can be modified by manipulation of dosage regi- 
mens. Individuals with low baseline F reticulocyte levels and 
delayed HU clearance will be the least likely to respond to 
therapy, and vice versa. Patients who fall between these 
extremes can be expected to show some response, but the 
magnitude of that response is as yet undetermined. 


Hematologic Effects 


The best dosage regimen should be one that maximally 
increases both the number of F cells and the amount of Hb F 
within those cells. To assess production of F cells, we have 
measured absolute numbers of F reticulocytes, which reflect 
changes in erythropoiesis as well as Hb F synthesis. Uncer- 
tainties about relations between dosage regimen and 
response have prompted us to continue direct measurements 
of F cell production. Macrocytosis was a constant result of 
treatment, damped in patient H by iron deficiency and 
coexisting a-thalassemia (a-/aa; PF Milner, personal com- 
munication, December 1985). As was observed with AzaC, 
MCH rose proportionately, the increase reflecting an 
increase in the amount of Hb S/per cell as well as Hb F in the 
F cells. We have previously reported that the proportion of 
dense cells (MCHC > 37 g/dL) did not decrease when 
patients A and C were treated with AzaC.* Here we show 
that the proportion of such cells did not decrease during HU 
therapy (Table 2), nor did it change in relation to crises. 

The intraerythrocytic concentration of Hb S, a prime 
determinant of sickling tendency," fell in F cells. In patient 
C the mean corpuscular sickle hemoglobin concentration 
(MCSHC) (Table 2) fell from about 32 to 22 g/dL in F cells. 
This fall in MCSHC would prolong the delay time (tenth 
time)** of his F cells from 30 minutes to three to four 
minutes, or decrease their polymer fraction at 70% oxygen 
saturation”? from 0.12 to 0. 


Clinical Responses 


In patients A and C, who did not know their F cell or Hb F 
levels, there was a relation between admissions for painful 
crises and symptom-free periods and their F cell production, 
strongly suggesting that the improvement we observed was 
not a placebo effect. Crises were less severe and less frequent 
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when Hb F was 8% to 10% and there were 55% to 60% F 
cells; they were virtually eliminated when Hb F was 15% to 
18% and there were 60% to 70% F cells. The latter levels are 
lower than the >20% Hb F reported by Powars et alf’ to be 
associated with fewer painful events and lower than the mean 
value of 25% found in mildly affected Saudi Arabian SS 
patients.'''? On the other hand, patient E epitomizes the 
hazard of interpreting subjective complaints: she did not 
improve clinically despite a substantial increase in Hb F 
synthesis and then improved so rapidly after biliary tract 
reconstruction that she considered HU therapy unnecessary. 


Untoward Effects 


Toxicity. Atrial fibrillation in patient A was more likely 
related to hemochromatosis than to HU therapy. Develop- 
ment of mild but disseminated herpes zoster in patient C may 
have been related to HU therapy, but the patient’s excellent 
clinical response to HU has encouraged him (and us) to 
continue treatment. Abnormal numbers of lymphocytes and 
striking abnormalities among his T cells may be related to 
prior transfusions; these changes have not progressed 
during treatment, nor have similar but less marked changes 
in patient A. Bone marrow depression has not been a problem 
with the doses we used, after the effect of subclinical renal 
disease was appreciated. 

Chromosomal analyses. Discovery of chromosomal 
breaks and rearrangements during AzaC therapy in patients 
A and C prompted us to carry out chromosomal analyses in 
all other patients, as well as in untreated SS patients and 
normal controls. Some patients who have not received any 
cytotoxic drug have chromosomal abnormalities (Fig 3), and 
serial studies of patients A, C, and H showed that such 
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abnormalities have not progressed during treatment. 
Hydroxyurea is reported to be a strong inducer of chromo- 
somal breaks (a “‘clastogen’’) in vitro but to have weak 
activity in inducing sister-chromatid exchanges.“ Lympho- 
cytes from patients with psoriasis treated with HU yielded 
abnormal karyotypes, but no control studies in untreated 
psoriatics were performed.® Cytogenetic aberrations do 
occur in normal volunteers®; our data must be interpreted 
cautiously because our patients have been exposed to a 
variety of substances and treatments in addition to HU. 
Studies of patients and normal controls support such an 
interpretation, but it would seem prudent that patients 
receiving HU avoid conception or pregnancy. 

Carcinogenesis. The risk of carcinogenesis in humans 
from HU is unknown. The drug is teratogenic and mutagen- 
ic? in laboratory animals, but aspirin was equally terato- 
genic in a recent study.“ HU induces sperm abnormalities in 
mice® but suppresses two-stage carcinogenesis in mouse 
skint and was considered noncarcinogenic in two small 
studies in animals.*2.”! The best clinical evidence is inconclu- 
sive: patients with polycythemia vera who have been treated 
with HU show insignificant differences in the incidence of 
neoplasms when compared with patients treated only by 
phlebotomy.” The series is not large (53 patients), and 
observaticns have continued for a median of only 5 years, but 
we have interpreted these data to our patients as indicating 
“safety unproved, but risk probably small.” 
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Lithium Augments GM-CSA Generation in Canine Cyclic Hematopoiesis 


By William P. Hammond, Elin R. Rodger, and David C. Dale 


Cyclic hematopoiesis in gray collie dogs can be cured by 
lithium treatment. We examined the mechanism of lithi- 
um's effect by developing an assay for the canine equiva- 
lent of GM-CSF (called GM-CSA). Phytohemagglutinin 
(PHA)-stimulated canine blood mononuclear cells produce 
GM-CSA in a dose-dependent manner; this GM-CSA stimu- 
lates more neutrophil-containing colonies than does endo- 
toxin-treated dog serum. Production of GM-CSA by PHA- 
stimulated normal dog cells was not altered by lithium. 


QITUDIES OF CYCLIC HEMATOPOIESIS in gray 

collie dogs have shown that the regular 12-day periodic- 
ity of cell count fluctuations is due to changing marrow 
production rates and can be transferred or cured by bone 
marrow transplantation. *® We and others have shown that 
the numbers of committed erythroid and granulocytic pro- 
genitor cells fluctuate over the cycle period and do so out of 
phase from their differentiated progeny.”'° In studies of the 
effects of endotoxin and lithium treatment on these dogs, we 
showed that treatment abrogated the cyclic fluctuations of 
the progenitors as well as the blood cell counts.’!*'* We also 
showed no differences in serum colony-stimulating activity 
(CSA) levels, responsiveness to CSA, or tritiated thymidine 
suicide rates of the granulocyte-macrophage progenitor cells 
(CFU-c) over the period of the cycle and were unable to show 
that successful treatment induced any change in these vari- 
ables.” 

Because the assay system we had used to measure CSA 
produced colonies from the CFU-c that were primarily 
macrophagic (with a minor population of neutrophilic pro- 
genitor cells), we considered the possibility that an alterna- 
tive source of CSA containing a canine equivalent of GM- 
CSF would be a more useful probe into the genetically 
aberrant regulatory system. Phytohemagglutinin (PHA)- 
stimulated blood mononuclear cells have been shown to 
elaborate GM-CSF in human and murine systems and 
served as the model system for these studies.'*"'© We have 
now demonstrated a canine equivalent of GM-CSF (which 
we here call GM-CSA), have examined its elaboration by 
normal and gray collie dog mononuclear cells, and have 
measured lithium’s effect on its generation. 


MATERIALS AND METHODS 


Dogs. Male and female gray collie dogs from 2 to 60 months of 
age and weighing from 5 to 25 kg were housed in individual cages or 
runs as previously described.”'®'? Normal mongrel dogs and normal 
littermates of the gray collies served as controls. Blood specimens 
were routinely drawn from the cephalic vein of unanesthetized dogs; 
blood lithium levels were drawn before that day's dose when 
indicated. Dogs treated with lithium were given lithium carbonate 
capsules, 300 mg daily, and dosages were adjusted to keep serum 
lithium levels between 0.5 and 1.4 mEq/L as previously 
described! t}? 

Blood counts and bone marrow aspirates. Blood counts were 
performed by standard methods. For marrow aspirates the dogs were 
anesthetized with intravenous thiamylal sodium (Bio-tal; Bio-Ceutic 
Laboratories, St Joseph, MO), 15 to 20 mg/kg. Bone marrow was 
obtained from the humerus, femur, or iliac crest, heparinized, and 
diluted in 5 mL tissue culture medium. 
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However, celis from gray collies during their neutrophilic 
period increased their GM-CSA when lithium (2 mEq/L} 
was added to low doses of PHA, whereas neutropenic gray 
collie cells did not. These data suggest that lithium could 
modulate cyclic hematopoiesis by increasing intramedul- 
lary GM-CSA at the time when marrow neutrophilic pro- 
genitor celis are at their nadir. 

©1987 by Grune & Stratton, Inc. 


In vitro bone marrow culture. Granulocyte-macrophage pro 
genitor cells were grown as previously described.”’’ Final plating 
suspensions contained 1 to 2 x 10° nucleated cells per milliliter, 10% 
fetal calf serum, 0.3% agar, and a source of CSA, All assays were 
run in triplicate. Incubations were carried out for variable numbers 
of days, as indicated in Results. Colonies of 50 or more cells were 
counted with an inverted microscope and results expressed as 
colonies per plate or 10° nucleated marrow cells (total CFU-c) or as 
a percentage of control colony growth. Colony subtypes were identi- 
fied as neutrophil, macrophage, or mixed colonies as described 
previously. 

Colony-stimulating activity. The standard CSA used in ovr 
earlier studies was postendotoxin dog serum (PEDS) >” Such serum 
is maximally active when added at 5% to 10% vol/vol in dog marrow 
cultures and was used as the contral CSA source in the current 
studies. 

PHA-stimulated leukocyte conditioned medium (PHA-LCM) 
was prepared in a manner similar to that used for human and murine 
cells.'*"'* Dog peripheral blood was heparinized (beef lung heparin: 
Upjohn Co, Kalamazoo, MI, 20 U/mL), diluted 1:1 in Hanks’ 
buffered saline solution (BSS; GIBCO, Grand Island, N'Y) and 
layered over Ficoll-Hypaque solution (density 1.074 to 1.076, osmo- 
larity 295 to 300). After spinning at 400 g for 35 minutes at 4 °C, the 
mononuclear cells were removed from the interface zone, washed 
three times, resuspended in fresh medium, and counted. Differential 
count of mononuclear cells from neutropenic gray collies revealed 
fewer than 0.2% neutrophils, 47% + 5% lymphocytes, and 44% + 5% 
monocytes. Both normal dogs’ and neutrophilic gray collies’ mono- 
nuclear cell populations contained more neutrophils (from 7% to 
15%, P < .01) and fewer monocytes (from 20% to 28%, P < .05) than 
neutropenic gray collies but had similar numbers of lymphocytes 
(P > .10). Differential counts of neutrophils, monocytes, and lym- 
phocytes were not statistically significantly different between nor- 
mals and neutrophilic gray collies (P > .08). The cells were placed in 
plastic tissue culture flasks (T-75; Falcon, Cockeysville, MD) con- 
taining supplemented tissue culture medium, 20% fetal calf serum 
(GIBCO), PHA (M form) (GIBCO) at final dilutions of 1 to 50 
ug/mL, and in some flasks, lithium chloride at 2 x 10°* mol/L. 
These flasks were incubated at 38 °C, in 5% CO, for seven days. The 
supernatants were then removed, centrifuged twice at 1,000 g for 15 
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minutes to remove cellular debris, and stored at —10°C until 
assayed for CSA. PHA-LCMs were assayed at 10% vol/vol with 5% 
normal dog serum to compare with 5% PEDS. 

Modulation of CSA. Modulation of CSA in these PHA-LCMs 
was tested in two ways. To determine whether LiCl modulated CSA 
generation by mononuclear cells independent of T lymphocytes, 
some flasks were prepared with addition of the potent T lymphocyte 
inhibitor cyclosporine at 3 wg/mL (kindly provided by Dr Joachim 
Deeg, Fred Hutchinson Cancer Research Center, Seattle). In addi- 
tion, to eliminate the contribution of carryover of lithium in PHA- 
LCMs prepared with LiCl, we dialyzed two sets of conditioned 
media against three changes of Hanks’ BSS with 100 x volume 
excess at 4 °C, Dialyzed conditioned media were then compared with 
each other and to nondialyzed aliquots of the original PHA-LCM. 

Tritiated thymidine (}H-TdRj suicide and velocity sedimentation 
studies. We estimated cell cycle status of CFU-c by *H-TdR 
suicide as previously described.’ The percentage of thymidine suicide 
was calculated by subtracting *H-TdR-treated CFU-c growth from 
similarly treated cells not exposed to *H-TdR (“control”) and 
dividing by “control” growth. Controls demonstrated that nonspe- 
cific toxicity was not involved. To calculate CFU-c suicide with 
different sources of CSA, the same treated and control cell suspen- 
sions were stimulated with PEDS and with PHA-LCM. 

Velocity sedimentation at unit gravity was performed by previ- 
ously published methods.’ Marrow mononuclear cell suspensions 
were loaded into the Sta-Put chamber (150 x 10° cells in 50 mL), 
followed by a linear gradient of 15% to 30% fetal calf serum in tissue 
culture medium. After 3'4 hours of sedimentation, 50-mL fractions 
were collected, cell counts and smears obtained, and assays for 
CFU-c performed using either PEDS or PHA-LCM for CSA. 
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serum plus either PHA-LCM (7) or PHA added directly to dog 
marrow cells (M). The concentration of PHA used to stimulate 
blood mononuclear cells to make LCM varied from 1 to 50 pg/mL 
and was compared with the effect of adding the same PHA 
concentration directly to marrow cells. Results are expressed as 
mean + SEM colony numbers per plate containing 1 x 10° 
nucleated bone marrow cells and assayed at days 8 through 10 
(N = four experiments, each experimental point representing a 
"mean of triplicate plates). 
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RESULTS 


Colony stimulating activity in PHA-LCM. Initial 
experiments confirmed that PHA-LCM made from dog 
peripheral blood mononuclear cells incubated for seven days 
do stimulate the growth of colonies from normal dog bone 
marrow growing at 10 days of incubation. This is a dose- 
dependent stimulation with a broad plateau of activity 
evident frem 10 to $0 wg/mL that is not due to carryover of 
PHA into the marrow, since direct addition of PHA to 
marrow cells is not stimulatory (Fig 1). 

Colonies formed with PHA-LCM. Using one lot of 
PHA-LCM made from norma! dogs with PHA at a concen- 
tration of 50 wg/mL, we next examined the time course of 
development of macrophage and neutrophilic colonies from 
normal dog marrow cells. As previously shown, the colonies 
growing early in culture were largely macrophage colonies, 
whereas those growing later were a mixture of neutrophilic 
and macrophage colonies. Plotting colonies per plate (10° 
marrow cells), PEDS and PHA-LCM showed distinctly 
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Fig2. The effect of (A) PHA-LCM and PEDS {B} on morpholog- 
ical subtypas of colonies at various days in culture. L1, Macrophage 
colonies; &, neutrophil-containing colonies (pure neutrophil and 
mixed neutrophil-macrophage colonies). Results expressed as in 
Fig 1 {N = five experiments). 
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different patterns of growth, with a late-occurring burst of 
neutrophil-containing colonies (neutrophil and mixed) when 
PHA-LCM was used as the source of CSA (Fig 2). 

We then explored the subtypes of colonies formed using 
PEDS and PHA-LCM as stimulators for gray collie dog 
marrow target cells and compared them with results with 
normal dog marrow cells. With normal dog marrow cells, 
PEDS stimulated a peak number of CFU-c by day 10 or 11, 
which then remained elevated to days 21 and 28, while 
PHA-LCM caused a similar rise in total colony number. 
Subtypes of CFU-c were then determined at day 10 and at 
day 16 or 17 and marked differences between PEDS and 
PHA-LCM were noted (Table 1). At day 10 only 11% of 
colonies were neutrophilic with PEDS as stimulator, whereas 
26% were neutrophilic with PHA-LCM (P < .05). This 
difference was further magnified at days 16 to 17, when 2% 
were neutrophilic with PEDS and 59% were neutrophilic 
with PHA-LCM (P < .001) (Table 1). In general, the same 
features were evident using gray collie marrow cells as 
targets: PEDS stimulated mostly macrophagic colonies, 
whereas PHA-LCM stimulated more neutrophilic colonies, 
especially at days 16 and 17 (Table 1). 

Colony-forming cell characterization. To determine 
whether PEDS and PHA-LCM stimulated different colony- 
forming cells, we layered dog bone marrow mononuclear 
cells over a velocity sedimentation gradient. Assays of each 
fraction for CFU-c stimulated by either of the stimulators 
demonstrated that the cell populations forming colonies had 
the same general patterns of sedimentation with modal 
sedimentation velocities of 7.1 mm/h (Fig 3). 

Tritiated thymidine suicide studies to estimate the cell 
cycle characteristics of normal dog marrow cells stimulated 
by PEDS and PHA-LCM showed that CFU-c grown with 
PEDS had a suicide rate of 45% + 7% (comparable to our 
prior report’), whereas those grown with PHA-LCM had a 
lower suicide rate of 29% + 6% (n = 4, P < .05, paired t 
test). 

Effect of lithium and PHA on cyclic neutropenic blood 
mononuclear cells. Initial trials showed that addition of 
lithium in vitro to peripheral blood mononuclear cells by 
itself did not enhance the elaboration of CSA (GM-CSA) 
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Fig3. Velocity sedimentation profiles of dog CFU-c assayed at 
day 10 (A) and day 16 {B}. Colonies formed when PHA-LCM was 
used as a stimulator are shown by solid symbols; PEDS, by open 
symbois. Modal sedimentation velocity for ail CFU-c was 7.7 
mm/h, while the modal sedimentation velocity for ali low-density 
marrow cells was 4.7 mm/h (shaded area}. 


(data not shown). We proceeded to examine the effects of 
adding lithium to mononuclear cells stimulated by PHA to 
produce GM-CSA. Lithium at 2 mmol/L (2 mEq/L) caused 
no increase in CSA generation at plateau concentrations of 
PHA (eg, 50 ug/mL), but at submaximally stimulatory 
concentrations (1 and 5 ug/mL) it markedly enhanced the 


Tabie 1. Colony Subtypes Stimulated by PEDS and PHA-LCM 
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Day 10 Days 16-17 
Neutrophils Macrophages Neutraphils Macrophages 
Target Marrow Stimulator {%)} (96) {9%} (%)} 
Normal PEDS, 10%* 11+4 89 + 4 2+1 96 + 1 
{n = 4) in = 11) 
PHA-LCM, 10%+ 26 +5 67 + 17 59 + 3t 2924 
in = 3) {n = §) 
Gray collie PEDS, 10% 9+4 91+4 16 +5 85 +5 
in = 8) in = B} 
PHA-LCM, 10% 14+ 4 86 +4 69 + St 29 +5 
in = 8) in = 8} 
Plates were scored for percentage of subtype from each of three to 11 dog marrows: mean percentage + SEM, n = total number of marrows 
assayed. 
*10% vol/vol. 


TPHA-LCM -—— phytohemagglutinin-stimulated (50 ug/mL) leukocyte conditioned medium from a single normal dog, 10% volume/volume. 
tSignificantly different {P < .05) from colony subtypes stimulated by PEDS. 
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production of GM-CSA by mononuclear cells obtained from 
gray collies during neutrophilia (cycle days 8 through 12) 
(Fig 4). Neither normal dogs nor gray collies during neutro- 
penia (cycle days 2 through 4) showed this stimulatory 
effect. Gray collie dogs whose cycling had been eliminated by 
lithium treatment in vivo likewise failed to show this 
enhancement by in vitro addition of lithium (Fig 5). 

Inhibitor assays. Experiments were performed to deter- 
mine whether addition of Li to gray collie mononuclear cells 
caused a reduction of an inhibitor present in the untreated 
(no Li) LCMs or an increase in a stimulator. One-to-one 
mixtures of control PHA-LCM (made by normal dog mono- 
nuclear cells stimulated with 50 ug/mL PHA) and freshly 
prepared gray collie LCMs were performed. When a total of 
10% LCM (5% control PHA-LCM plus 5% test PHA-LCM) 
was added to normal dog marrow cell targets, we found no 
decrease in growth compared with that expected with control 
PHA-LCM alone (Table 2) (P > .30). Parallel assays using 
normal dog PHA-LCMs similarly showed no evidence for 
inhibitors (data not shown). 

Dialysis and blocking experiments. Additional studies 
of these conditioned media were carried out to determine 
that lithium carryover into the target marrow cells was not 
responsible for the stimulatory effect. In dialyzed condi- 
tioned media there was a slight decrease in CSA, but the 
same differences in stimulatory activity between lithium- 
treated and lithium-untreated conditioned media were read- 
ily demonstrated (Table 3). Thus, whereas at PHA concen- 
trations of 50 ug/mL, Li had no effect on CSA in either 
dialyzed or undialyzed LCMs, at the lower concentrations of 
PHA, both dialyzed and undialyzed LCMs showed signifi- 
cant increases in CSA when Li was added. In addition, 
studies were performed in which cyclosporine was added to 
the mononuclear cell suspensions that were incubated to 


DOG CONDITION 






| i ; [No 
50 P =i 
7 l jiz; N wei 
40 | | Nt 
2 Bu NY pm - 
k w NE 
2 Wwe T NN aoy mI a = 
3o a E ee 
5 i Ne N e 
a j Ñ m NY mei 
T N \ om \ =e ES} oc 2-443 
N N 5 NOG F] sc 8-12 
5 ug/ml 50 ug/ml MB sc s-2-u 
PHA DOSE 


Fig 4. Effect of lithium (2 mmol/L) on PHA-induced dog 
GM-CSA. PHA-L.CMs were made using PHA at 1, 5, and 50 ug/mL 
from normal dogs (ND) and from gray collies during neutropenia 
(GC 2 through 4) or during neutrophilia (GC 8 through 12), either 
without or with lithium (+Li). PHA-LCMs were all assayed against 
normal dog marrow cells and results are reported as in Fig 1 (N = 
seven experiments). Neutrophilic gray collie cells (GC 8 through 
12) showed a significant {P < .05) increase when Li was added at 1 
and 5 ug PHA. 
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Fig 5. Effect of lithium treatment in vivo on lithium respon- 
siveness of PHA-induced dog GM-CSA. Untreated gray collie celis 
(GC 8 through 12) show significant {P < .05) increase with addition 
of Li at 1 and 5 ug PHA, whereas lithium-treated gray collie celis 
{Li-Rx GC) showed no change with addition of Li in vitro. Resuits 
presented as in Fig 1 {N = four experiments}. 


produce CSA. When cyclosporine was added at 3 ug/mL in 
the presence or absence of lithium, there was no detectable 
CSA in the supernatants (Table 4). Addition of cyclosporine 
directly to the bone marrow assay system demonstrated no 
inhibitory effects (data not shown). 


DISCUSSION 


Previous studies of the pathogenesis of cyclic hematopote- 
sis in gray collie dogs have clearly shown the defect to be one 
of fluctuating levels of marrow cell production and have 
documented marked swings in the numbers of committed 
granulocytic progenitor cells in blood and marrow.’ 
Although several studies have examined levels of putative 


Table 2. Assay for inhibitors in PHA-LCMs 


Colonies/ 10° Cells 


{ry = 4) 

Controis 

Without additions 24 + 10 

10%. PHA-LCM (control) 53211 
Test LCMs 

10% PHA-LCM— 1 ug/mL 40 + 12 

10% PHA-LCM—5 ug/mL 40 + 10 

10% PHA-LCM— 1 ug/ml. + Li 38 + 13 

10% PHA-LCM-——5 g/ml + Li 44+ 13 
Mixtures (1:1, total = 10% vol/vol) 

Control + Test 1 66 + 15 

Control + Test 2 56 + 12 

Control + Test 3 56+ 14 

Control + Test 4 54 + 14 


Controls refer to cultures containing 5% normal dog serum. Test LCMs 
were conditioned media made from neutrophilic gray collies with 1 or 5 
pg/mL PHA with or without lithium (Li). Control refers to control above 
made with normal dog cells and PHA at 50 ug/ml.. Two sets of freshly 
prepared GC PHA-LCMs were prepared and assayed a total of four times 
against normal dog marrow celis. 
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Tabie 3. Dialysis of Gray Collie PHA-LCM 





Colonies per 10° Nucleated 
Normal Marrow Celis 





PHA Concentration Undialyzed Dialyzed 
No Li added 
1 ug/mL 23 +4 22 + 13 
5 ug/ml 1723 22 +4 
50 ug/ml 44+8 30 +9 
Li added (2 mol/L} 
1 ug/ml 40 + 9° 31 + 9f 
5 ng/mL C 28 + 10 
50 ug/ml 43 + 18 34 + 13 





PHA-LCM was from “neutrophilic” gray collie cells {cycle days 8 
through 12). Colony numbers are means of duplicate assays of the same 
dialyzed and undialyzed LCMs, representing six plates for each number, + 
one SD. C, specimen contaminated during cultures. 

*Significantly different from CSA of LCM made in the absence of 
lithium (F < .001, paired t test). 

tSignificantly different from CSA of LCM made without lithium 
(P < .05, paired t test) and from CSA of undialyzed LCM {P < .05). 


granulocytic regulators in this disease, ®™™ each has had 
significant drawbacks. In the earliest report, dog urine was 
assayed for activity stimulating murine cell proliferation and 
questions were raised about species specificity as well as the 
possibility that the “CSA” was the result of endotoxemia 
during neutropenia rather than being the cause of the cyclic 
cell production." In the other two reports, assays used dog 
marrow cell targets but did not distinguish between neutro- 
philic and macrophagic “CSA.” In our studies the CSA 
being measured appeared to be the result rather than the 
cause of neutropenia,’ a finding concordant with that of 
Greenberg et al in the analogous human disorder.” In 
addition, we found that serum levels of CSA were not altered 
by either endotoxin or lithium treatments, two therapies that 


Table 4. Effect of Cyclosporine on GM-CSA Production 
by Dog Mononuclear Celis 





Colonies per 10° Celis 





Controls 
1 5% NDS without additives 15 + 1 
5% NDS with 10% PHA-LCM 
2 {control} 60 + 16 
Culture Additives 
TestLCMS 65% NDS PHA Li* CSPt 
1 + oe ne = 24 +5 
2 + + = = 39 +4 
3 + + + ~ 31 + 10 
4 + + + + 11 + 4t 
5 + + ~ + 12 + St 
6 + = = + 12 + 6t 





Colony numbers are means of triplicate plates (+SD) from normal dog 
bone marrow cells stimulated by additives as indicated. PHA, 50 ug/ml 
added to mononuclear cells to produce PHA-LCM. NDS, norma! dog 
serum. 

*Lithium chloride, 2 mmol/L (2 mEq/L). 

tCyclosporine, 3 ug/ml. 

{Different from test LCM 3 (P < .05) but not different from control 1 
(P > .30). 
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eliminate cyclic neutropenia in these dogs. >”? However, the 
lack of neutrophilic specificity of the CSA assays that had 
been published suggested that a new assay was needed and 
led directly to the present studies of GM-CSA. 

These data show that PHA stimulates dog blood mononu- 
clear cells to produce a CSA with neutrophilic activity. This 
activity has characteristics similar to those reported for 
GM-CSF in mice and humans in that it stimulates both G 
and M colonies, it affects colony-forming cells that grow 
somewhat later in the cultures, and it appears to stimulate a 
different subpopulation of CFU-c than does the PEDS as 
defined by different °H-TdR suicide rates.'* Because PHA 
stimulation is well known to stimulate lymphocyte produc- 
tion of GM-CSF and has been used to purify its cDNA,'* 
these results were not unexpected. The ability of cyclosporine 
to block the elaboration of this material is consistent with its 
ability to inhibit T lymphocyte function and block production 
of megakaryocytic CSA.??*4 

Knowing that this GM-CSF-like activity (GM-CSA) was 
elaborated by normal dog cells, we next examined the 
possibility that dogs with cyclic hematopoiesis had altera- 
tions in production or responsiveness to GM-CSA. Because 
lithium abolishes cyclic neutropenia in these dogs, we also 
examined the effect of lithium in vitro and in vivo on 
GM-CSA generation. Gray collie dogs responded to the 
GM-CSA normally (Table 1) and produced comparable 
quantities of GM-CSA when maximally stimulated (PHA = 
50 ug/mL; Fig 4). During the time of “neutrophilia” (cycle 
days 8 through 12), the gray collie cells produced more 
GM-CSA with lithium and low doses of PHA than did 
normals. Inhibitor assays suggest this increased activity is 
not due to a decrease in an inhibitor. Furthermore, when a 
gray collie’s cycling was eliminated by lithium treatment in 
vivo, this augmentation of GM-CSA production was not 
evident (Fig 5). 

Studies of the mechanism of lithium-induced granulocyto- 
sis have shown that marrow cell production is increased,” 
and that lithium can stimulate the production of “CSA,” the 
production of factors other than “CSA,” and the prolifera- 
tion of primitive granulocytic progenitor cells by a direct 
although unspecified mechanism.” Lithium prevented the 
granulopoietic differentiation arrest caused by human leuko- 
cyte interferon and increased physical interactions between 
monocytes and T lymphocytes, suggesting still other possible 
mechanisms of action." Our prior studies of the mecha- 
nism of lithium normalization of cyclic hematopoiesis failed 
to show any alteration in “CSA” in serum” and in this study 
we did not detect differences in GM-CSA generation by 
mononuclear cells with lithium added in the absence of PHA. 
However, lithium was effective in increasing GM-CSA at 
precisely the time the marrow neutrophilic precursors are at 
their nadir, suggesting that this mechanism could be physio- 
logically relevant. 

Two other lines of evidence suggest that these findings 
may be important. Recently, Jones et al have shown that 
bone marrow adherent cells fail to produce a stimulatory 
factor on cycle day 9 in their dogs with cyclic hematopoiesis 
and that marrow cell conditioned media inhibit murine 
CFU-S proliferation.» Their data do not suggest that a 
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lymphoid effector cell is involved, but certainly do not rule 
out the possibility, since the adherence procedure may trap 
lymphocytes as well as monocytes. The published data 
suggest that a lack of neutrophilic progenitor cells at the time 
of normal neutrophil counts is the proximate cause of the 
subsequent neutropenia in this disorder; a therapy that 
blocks an aberrant inhibitor or provides an absent stimulator 
at this phase of the cycle makes an attractive hypothesis. In 
addition, Verma et al reported studies in a patient with 
acquired cyclic neutropenia who responded to lithium treat- 
ment with improvement in her neutrophil counts.’ In this 
person they implicated blocking of T lymphocyte suppression 
of monocyte CSA generation as being important in the 
lithium response. 

We conclude from these studies that PHA is a useful 
stimulator of GM-CSA in dogs, as it is in mice and humans. 
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Using this form of GM-CSA, we have shown that gray collie 
and normal marrow cells respond by producing similar 
numbers end subtypes of CFU-c. In addition, the capacity of 
gray collie cells to increase GM-CSA levels in response to Li 
during the period of normal! neutrophil counts is greater than 
that of ncrmal dogs or gray collies treated in vivo with Li. 
These data suggest that Li-induced normalization of cyclic 
hematopoiesis in the gray collie could be due to intramedul- 
lary generation of GM-CSA at the critical time of deficient 
neutrophi ic progenitor cell populations in the marrow. 
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The Xerocytosis of Hb SC Disease 


By Samir K. Ballas, James Larner, Eugene D. Smith, Saul Surrey, Elias Schwartz, and Eric F. Rappaport 


Patients with Hb SC disease were found to have microcytic 
and hyperchromic red cell indices despite mild reticulocy- 
tosis. iron deficiency anemia was ruled out by the finding of 
normal serum ferritin levels. in order to determine whether 
the microcytosis was due to coexistent a-thalassemia, 
restriction endonuclease mapping was performed on 
genomic DNA extracted from peripheral blood leukocytes. 
Patients with Hb SC disease had microcytic indices despite 
the presence of a full complement of four a-genes (aa/aa), 
suggesting that the microcytosis may be due to cellular 
dehydration (or xerocytosis), since the mean corpuscular 
hemoglobin concentration in Hb SC disease patients was 
significantly higher than in controls. This possibility was 
investigated further by the determination of RBC cation 
content. RBC Na levels were similar in SC and normal red 
cells. Hb SC RBCs, however, had significantly reduced K 
levels. These findings show that RBC cation content, and 


HE ANEMIA of Hb SC disease is mild and often 
described as normochromic and normocytic, with many 
target cells and “boat-shaped” or “fat” sickle cells in the 
peripheral smear.'? We?’ and others,** however, reported 
that patients with Hb SC disease typically have microcytic 
and hyperchromic erythrocytes. Furthermore, Fabry et al’ 
found an unusually high mean corpuscular hemoglobin con- 
centration (MCHC) in Hb SC disease that seems to result 
from cellular dehydration (xerocytosis). Bunn et al® also 
noted an abnormally high MCHC in SC cells and suggested 
that the presence of Hb C resulted in the high MCHC of Hb 
SC cells early in their lives. These studies suggest that the 
high MCHC may be an important contributory factor to the 
pathogenesis of Hb SC disease. This study was designed to 
elucidate the basis of cellular dehydration in Hb SC erythro- 
cytes obtained from our current patients with this disease 
and determine the rheological and pathophysiologic conse- 
quences of this phenomenon. 


MATERIALS AND METHODS 


Patients. All patients were examined and diagnosed at the 
Sickle Cell Center of the Cardeza Foundation of Jefferson Medical 
College and Thomas Jefferson University Hospital during the past 
10 years (1975 to 1985). A total of 35 patients with Hb SC disease 
was seen during this period. The procedures described in this paper, 
however, were performed on blood obtained from 16 individuals with 
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thus cell water, is decreased in Hb SC disease. The 
decreased RBC K ievel in the presence of normal cellular Na 
concentration suggests selective K loss that is not due to 
inhibition of the Na K pump. Quabain-insensitive K* efflux 
was increased to four times normal in SC cells. Cell 
dehydration was confirmed by the demonstration of 
increased high-density RBCs on discontinuous Stractan 
density gradients and by osmotic gradient ektacytometry. 
Celiular dehydration and its sequelae were worse in CC 
erythrocytes and milder in AC cells than in Hb SC red cells. 
Taken together, these data indicate that in Hb SC disease 
the RBCs are severely dehydrated and typically microcytic 
and hyperchromic. Hb SC RBCs seam to be dehydrated due 
to selective K loss. These findings suggest a functional 
interrelationship between Hb SC, the red cell membrane, 
and cation regulation. 

© 1987 by Grune & Stratton, Inc. 


aafaa genotype and Hb SC disease who were being followed in our 
clinic while this study was in progress. All patients were American 
blacks. Averages of the numerous hematologic data obtained on 
each patient were determined. Hematologic data on transfused 
patients were included in this study only if determined at least 4 
months after the last transfusion. Only one patient in this study was 
a pediatric subject, a 6-year old girl; all others were adults whose 
ages ranged from 20 to 60 years. Five of these patients were males. 
Both males and females had similar mean corpuscular volume 
(MCV), MCHC, and reticulocyte values, but the hemoglobin and 
hematocrit levels were higher in males than in females, as was 
previously reported.’ The three individuals with Hb AC trait were 
females whose ages ranged from 20 to 25 years. The patient with Hb 
CC disease was a 9-year old female. Control subjects were black 
university personnel or normal adult black individuals who came to 
our clinic to determine whether they were carriers of the sickle 
gene. 

Erythrocyte preparation. Erythrocytes from patients and con- 
trols were drawn into heparin or acid-citrate-dextrose, cooled to 
4°C, and processed as follows: hemoglobin, hematocrit, red cell 
count, reticulocyte count, red cell electrolytes, and DNA extraction 
were performed on freshly drawn samples within one to two hours of 
collection. Cation flux experiments and ektacytometry were deter- 
mined within 24 hours of collection. Other procedures were done 
within 24 to 48 hours of collection or as indicated. Sickle red cells 
suspended in citrate, phosphate, and dextrose do not exhibit a 
density change for five days,’ and therefore maintain the pattern of 
their distribution on discontinuous Stractan density gradients during 
this period. All procedures, unless otherwise noted, were performed 
at 4°C. Aliquots of cells were washed at least three times in buffers 
as specified for the various procedures described below, and the 
buffy coat was removed by aspiration after each wash. 

Hematologic data. Hemoglobin and reticulocyte determina- 
tions were made by routine methods and the microhematocrit was 
obtained by centrifugation. Red cells were counted on a Coulter 
Model F cell counter (Coulter Electronics, Hialeah, FL). Serum 
ferritin was determined by a radioimmunologic assay." 

Hemoglobin electrophoresis on starch gel, starch block, or agar 
gel was performed on membrane-free hemolysates by established 
methods.'' Hemoglobin solubility testing was conducted by using a 
commercial assay (Sickledex; Ortho Diagnostics, Raritan, NJ). 
Individual globin chains were differentiated by cellulose acetate 
electrophoresis of membrane-free hemolysate as described by Ueda 
and Schneider.” 
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Determination of a-globin genotype. Alpha-globin genotypes 
(aa/aa, and —a/aa) were determined by Southern blot hybridiza- 
tion restriction endonuclease mapping’? of genomic DNA extracted 
from peripheral blood leukocytes. The restriction endonucleases 
used were BamHI and &gill, and the probe was BamHI linearized 
a«-cDNA plasmid JW 101" that was P-labeled with calf thymus 
DNA primers.” 

Ektacytometric studies. The ektacytometer, a visco-diffractom- 
eter, designed and previously described by Mohandas et al’*'’ was 
used to determine red cell deformability under various experimental 
conditions. This device imposes a well-defined laminar shear stress 
field on erythrocytes while simultaneously monitoring the extent of 
cell deformation. The instrument consists of a concentric cylindrical 
viscometer in which one cylinder can be rotated to produce the 
desired level of shear stress. A laser beam is directed through the cell 
suspension that is contained within a 0.5-mm gap between the two 
cylinders. The cells, oriented by the shear stress field, then diffract 
the laser beam to produce a coherent diffraction pattern, from which 
cell deformation is determined, using a photometric image analysis 
system.'*'’ A “deformability index” (DI) is obtained that is equiva- 
lent to a measure of the ellipticity of a uniformly deforming cell 
population. In the standard mode of operation, the DI is recorded 
continuously as a function of shear rate.’’'* For measurement of 
intact cell deformability, 10 uL of 40% red cell suspension are 
thoroughly mixed with 10.0 mL of polyvinylpyrrolidone (PVP; 
molecular weight 360,000 4 g/dL wt/vol, 97.5 cp, 290 mosm/kg, pH 
7.4). This suspension produces a maximum shear stress of 170 
dynes/cm? at the maximum applied shear rate of 100 rpm. Numer- 
ical values of the maximum deformability index reached, defined as 
DI max, were used to compare deformability of different samples. 

The ektacytometer was also used to measure whole cell deforma- 
bility of erythrocytes as a continuous function of the suspending 
medium osmolality at a constant applied shear stress of 170 dynes/ 
cm’ (osmotic gradient ektacytometry). For these studies the DI of 
red cells was continuously recorded as the suspending medium 
osmolality was increased from 50 to 700 mosm/kg as previously 
described." 

Separation of red cells by density. Subpopulations of erythro- 
cytes of uniformly defined densities were isolated on discontinuous 
Stractan I] (Champion International, Tacoma, WA) density gra- 
dients by centrifugation of normal and Hb SC cells.” The gradients 
covered a density range from 1.065 to 1.139 g/mL, in increments of 
0.004 g/mL. 

Active and passive influx of ™Rb. Influx of “Rb into red cells 
was determined in the presence or absence of 0.1 mmol/L ouabain as 
previously described.) 

Potassium efflux. Red cells were washed three times in a 
HEPES-buffered (10 mmol/L pH 7.50) NaCl solution (290 mosm/ 
kg) containing 5 mmol/L glucose, and the buffy coat was removed 
after each wash. Washed cells were resuspended at a hematocrit of 
10% in the same medium, containing 0.1 mmol/L ouabain to define 
the ouabain-insensitive component of K*-efflux. After preincuba- 
tion at 37 °C for 10 minutes, triplicate aliquots of cell suspension 
were removed at 30-minute intervals, centrifuged in a microfuge, 
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and the supernatants removed for subsequent analysis of K* by 
flame photometry. Initial intracellular cation concentrations were 
determined on hemolysates of cell aliquots washed in isotonic 
Tris-buffered MgCl, (10 mmol/L Tris-HCI, pH 7.4, 290 mosm/kg). 
First-order K* efflux rate constants were determined by plotting the 
log of the declining intracellular K* concentrations, calculated from 
the initial and supernatant concentrations, versus time.” 

Adenosine triphosphatase {ATPase} assays. Hemoglobin-free 
erythrocyte membranes were prepared from red cells by hypotonic 
lysis and washing in 7 mmol/L NaCl, 5 mmol/L Tris-HCl, 1.0 
mmol/L EDTA, pH 7.4. 

The Mg’ *-dependent ATPase activity was assayed in a medium 
containing 3.0 mmol/L ATP (disodium salt neutralized to pH 7.1), 
20 mmol/L Tris-HCl, pH 7.4, 1.0 mmol/L EGTA, 0.2 mmol/L 
ouabain, 3 mmol/L MgCl, 116 mmol/L NaCl, and 16 mmol/L 
KCI. Ouabain was omitted when the total Na*-K* ATPase activity 
was to be determined. The NA*-K* ATPase was defined as the 
ouabain-sensitive component, and the ouabain-insensitive compo- 
nent as the Mg**-dependent ATPase activity. Each assay tube 
contained 100 to 300 g of membrane protein in the presence or 
absence of 0.2 mmol/L ouabain in a total volume of 2.0 mL. ATP 
and membrane blanks were run simultaneously with incubations at 
37 °C for one hour. ATPase activity was expressed as nmoles Pi 
liberated per milligram membrane protein per/minute by the 
method of Fiske and Subbarow” as modified by Bartlett.” 

Analytical methods. Red cell sodium and potassium concentra- 
tions were determined by flame photometry of red cell aliquots 
washed in ice-cold, isotonic Tris-buffered MgCl, solution (10 mmol / 
L Tris-HCl, pH 7.4). Red cell membrane protein content was 
determined by the method of Lowry et al.” 


RESULTS 


Hematologic data. Hematologic data of the 16 patients 
studied with Hb SC disease and aa/aa genotype are summa- 
rized in Table 1. The MCV in Hb SC disease is decreased 
(P < .001) despite mild reticulocytosis, while the MCHC is 
increased (P < .001). Iron deficiency was ruled out by the 
finding of normal or elevated serum ferritin in 12 patients 
with Hb SC on whom ferritin levels could be obtained. Thus, 
the red cell indices in Hb SC disease are typically microcytic 
and hyperchromic. Similarly, individuals with Hb AC and 
CC and four a-genes also have microcytic and hyperchromic 
indices with no iron deficiency. 

a-Globin genotype. Restriction endonuclease mapping 
of genomic DNA showed that the 16 patients with Hb SC 
disease, the three individuals with Hb AC, and the patient 
with Hb CC had normal a-globin genotype (aa/aa). 

Red cell cation content. The hydration status of Hb, SC, 
AC, and CC erythrocytes was studied by determining the red 
cell cation content, cell distribution on discontinuous Strac- 
tan density gradients, and osmotic gradient ektacytometry. 


Table 1. Hematologic Parameters of Controls and Individuals With Four a-Genes and Hb SC, AC, or CC 











LM tet teeter tt tt 


Pararneter Controls Hb SC Hb AC Hb CC 
MCV (ft) (11}92.4 + 5.14 (16) 79.5 + 4.45 (3) 79.1 + 3,96 {1} 6§.3* 
MCHC (g/dL) {11} 32.9 + 1.40 (16) 35.9 + 0.84 (3) 35.4 + 1.10 (1) 35.6* 
Reticulocytes (%} {11} 1.8 + 1.55 (16) 4.9 + 1.31 (3) 2.6 + 1.76 it) 6.8* 
Ferritin {ng/mL} >20 (12) 25-680 (1) 53 (1) 76 





e anniari mirenan 


Values shown are mean + SD. Number of individuals on whom the indicated parameter could be performed is indicated in parentheses. 


*Number is average of five determinations. 
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Table 2. Cation Concentration and Content of Normal and Hb SC, AC, and CC Ceils 
ee IAAT aa re cat E O ee el he ae eee CE ee Act er ag aN Soe pao 





mEq/L RBC mEg/ 10 g Hb 
RBC Na* Kt Na% + K? Nat K? Na” + K* 
Control (11) 7.2 + 1.35 103.2 + 4.42 110.4 + 5.05 0.22 + 0.04 3.15 + 0.21 3.37 + 0.23 
Hb SC (16) 9.6 + 2.95 89.5 + 5.16 $9.2 + 3.13 0.26 + 0.08 2.50 + 6.15 2.76 + 0.12 
Hb AC (3) 6.5 + 1.08 100.2 + 2.08 106.6 + 2.72 0.19 + 0.03 2.86 + 0.10 3.04 + 0.11 
Hb CC *{1) 9.0 84.0 93.0 0.25 2.48 2.73 





Values shown are mean + SD. Number of determinations is indicated in parentheses. 


*Values are averages of three determinations. 


The cation content of normal and abnormal erythrocytes is 
summarized in Table 2. The Na content of abnormal cells 
was similar to controls, while the K content was significantly 
decreased. Noteworthy is that Hb SC and CC erythrocytes 
had the lowest K* level, whereas AC cells had a K* level that 
was intermediate between control and SC and CC RBC. 

Distribution of Hb SC cells by density. Cellular dehy- 
dration in Hb SC, AC, and CC cells was confirmed by the 
presence of increased high-density cells after centrifugation 
on discontinuous Stractan density gradients (Fig |). There is 
a shift in SC and CC cell population to higher density. Hb 
AC cells, again, are intermediate between controls on the one 
hand and SC and CC cells on the other hand. 

Monovalent cation fluxes in SC cells. Various compo- 
nents of monovalent cation fluxes were measured to provide 
further information about cation regulation in Hb SC cells. 
*Rb influx in the presence or absence of 0.1 mmol/L 
ouabain indicated that the total influx of Rb was moderately 
increased in Hb SC cells while the ouabain-insensitive (pas- 
sive) influx was similar in control and Hb SC RBC (Fig 2). 
The ouabain-sensitive influx of Rb, which represents the 
active pump-mediated component, was also moderately 
increased in SC cells as compared with controls. Measure- 
ment of ATPase activity in membrane preparations from SC 
cells showed mildly increased Na-K ATPase and Mg 
ATPase activities (Table 3). 

In order to investigate the nature of the abnormality in 
cation regulation in Hb SC erythrocytes further, we deter- 
mined the ouabain-insensitive K* efflux in the presence or 
absence of 1.0 mmol/L piretanide or furosemide, inhibitors 
of Cl” transport and chloride-dependent K* flux. Figure 3 
shows that SC cells had a markedly increased K efflux. The 
first-order rate constant for K efflux for SC cells was 0.043 
h~', compared with 0.012 for control cells (258% increase). 
The addition of 1.0 mmol/L piretanide or furosemide to the 
medium reduced the rate constant for K efflux of normal 
cells by 16% to 20%, respectively, but did not decrease that of 
SC cells (Table 4). Table 4 also shows that K* efflux from 
CC erythrocytes was even greater than that from SC cells. 
AC erythrocytes showed K* efflux values that were interme- 
diate between SC and control red cells. Again the addition of 
piretanide or furosemide did not reduce the K* efflux from 
AC and CC cells. 

Ektacytometric studies. In order to further elucidate the 
hydration status and surface area-volume ratio in SC, AC, 
and CC erythrocytes and their subpopulations, we studied 
these cells by osmotic gradient ektacytometry as previously 
described.” Figure 4A shows the deformability profile of 
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Fig 1. The density of RBC from individuals with Hb Sc. The 
percentage of RBC from fractions of the analytical Stractan 
gradients is shown on the Y-axis and the densities of the gradient 
layers on which each fraction stopped are shown on the X-axis. 
RBC are from {A} control subjects with Hb A and four a-globin 
genes, (B) Hb SC patients with four a-globin genes, {C} a patient 
with Hb CC disease and four a-globin genes, and {D) Hb AC 
individuals and four a-globin genes. The horizontal lines indicate 
the mean vaiue for sach set of values. The inset shows representa- 
tive actual density profiles from (A), {B), (C), and (D) described 
above. 
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Fig 2. “RB influx into control and Hb SC red cells. Erythro- 
cytes were incubated at 37°C in glucose phosphate-buffered 
saline containing 5 mmol/L K and “Rb in tracer quantities, in the 
presence or absence of 0.1 mmol/L ouabain. 


total SC cells from patients with four a-genes. Although the 
DI values of SC cells at 290 mosm are less than those for 
control cells, there is a wide range of variation in the shape of 
the curve among the patients studied. The range shown in 
Fig 4A is based on 40 ektacytometric studies on cells from 16 
patients with four a-genes. The shape of the curve for each 
patient was the same when determined on blood samples 
drawn at different time periods. The curves of all patients 
were substantially shifted to lower osmolality compared with 
normal curves. This finding was shown previously to indicate 
red cell dehydration.’ Figure 4B shows the deformability 
profile of erythrocytes from three individuals with Hb C trait 
and four a-globin genes and one patient with Hb CC and 
four a-globin genes. Hb CC erythrocytes showed severe 
dehydration as indicated by shift of the curve to very low 
osmolality. The curves of Hb AC cells indicate less severe 
dehydration than those of CC erythrocytes, and they fall 
within the range of the curves for SC cells shown in Fig 4A. 
Because the average maximum DI of SC cells represents a 
heterogeneous mixture of cells covering a broad MCHC 
range, we next obtained osmotic gradient deformability 
profiles on erythrocyte subpopulations of the same density 
isolated on preparative Stractan gradients from one patient 
with Hb SC disease, another with Hb CC, and a third with 
Hb AC. Figure 5 shows that all curves are shifted to lower 
osmolality compared with the normal range. Each Stractan 
fraction is shifted to lower osmolality, and the degree of this 
shift increases as one moves from AC to SC and CC cells. 
Thus Hb CC subpopulations have the lowest DI and are 
shifted to lowest osmolality values. Table 5 also shows that 
the cation content of each Stractan fraction decreases as one 


Table 3. ATPase Activities in RBC From Controls and 
individuals With Hb SC, AC, or CC 





Na* — K” ATPase Activity inmoles Pi/mg/min} 





Quabain~-Sensitive Quabain-insensitive 
Control {5) 7.3 + 1.16 (5) 4.0 + 0.78 
Hb SC {8) 10.8 + 4.99 (8) 5.8 + 1.41 
Hb AC (44) 6.34 1.71 (4) 3.93 + 1.21 
Hb CC {1} 12.8 {1) 7.58 
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Fig 3. Kinetics of ouabain-insensitive K` loss from freshly 


drawn contro! and Hb SC red cells. Erythrocytes were incubated at 
37 °C in 10 mmol/L HEPES, pH 7.5, 5 mmol/L glucose, 0.1 mmol/L 
ouabain, and NaC! to bring the final osmolality to 290 mosm/kg. At 
intervals, aliquots were removed, K* concentration in superna- 
tants were determined, and the first-order rate constants for K 
efflux were calculated. 


compares normal, SC, AC, and CC erythrocytes. Hb AC 
subpopulations have a total cation content that is interme- 
diate between control RBC and other variant cells. Although 
Hb CC fractions seem to have slightly higher K* content 
than do SC cells, they are nevertheless more dehydrated than 
SC RBC. We attribute this difference to their much higher 
reticulocyte count, which, because of the lower cell Hb 
content, gives a higher K* level when it is expressed relative 
to Hb content. Noteworthy in Fig 5 is that reticulocyte-rich 
RBC fractions (density = 1.070) had lower maximum de- 
formability than was expected for these low-density RBC. 


DISCUSSION 


In this study we have found that erythrocytes in Hb SC 
disease are dehydrated and typically microcytic and hyper- 
chromic. The combination of relatively low MCV and an 
increased MCHC is unusual and seems to be characteristic 
of Hb SC disease.** We must emphasize that red cell indices 
were determined by using manual methods for the determi- 
nation of hemoglobin and hematocrit and the Coulter Coun- 
ter Model F for the estimation of the red cell count. Mohan- 
das et al™ have shown that for MCHC values above 36 g/dL 
as measured by the spun hematocrit method, electronic 
counters (Coulter S, Coulter S-Plus, and Ortho ELT-8) 
underestimated the MCHC with increasing error as the true 
MCHC increased. The choice of the methods to determine 
red cell indices may explain why some reports?” did not 
emphasize the hyperchromic nature of RBC in Hb SC 
disease. Fabry et al’ have shown that the MCHC in Hb SC 
disease is unusually high by using a Percoll-Stractan contin- 
uous-density gradient. They found that Hb SC cells are 
much denser than normal cells, and they estimate an average 
MCHC of 36.4 + 0.76 g/dL on the basis of the cell 
distribution on the gradient. Bunn et alf determined the 
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Table 4. Effect of Piratanide and Furosemide on Quabain-Insensitive K` Efflux From Normal and Hb SC, AC, and CC Celis 





Additive Normal 


Hb SC 


Å In K Cone/mL Cells 


Hb AC Hb CC 





{11} 0.025 + 0.0018 
(4) 0.021 + 0.0029 
(3) 0.020 + 0.0030 


None 
1.0 mm piretanide 
1.0 mm furosemide 


(11) 0,100 + 0.0263 
(3) 0.144 + 0.0265 
(5) 0.117 + 0.0258 


(9) 0.037 + 0.0065 
{2)0.051 + 0.0148 
(5) 0.036 + 0.0023 


{4} 0.151 + 0.0353 
(2) 0.177 + 0.0290 
{1} 0.174 





Cells were incubated for two hours at 37 °C in 10 mol/L HEPES {pH 7.5), 5 mol/L glucose, 0.2 mol/L ouabain, and NaCl to bring the final osmolality 
to 290 mos/kg, in the presence or absence of the indicated additive. Values shown are the negative 1n of the calculated intracellular K concentration as a 
function of time. Values shown are mean + SD. Number of determinations is indicated in parentheses. Results were corrected for the small amount of 


hemolysis that occurred during incubation. 


distribution of AA, AS, SC, AC, and CC RBC on discontin- 
uous Stractan gradients and found increased proportions of 
dense cells whenever Hb C was present. Our findings agree 
with these previous reports and furnish new data on Hb SC 
RBC from a relatively large number of patients that include 
passive K permeability and pump activity, Na-K ATPase, 
rheologic measurements that reflect the properties of individ- 
ual cells (as opposed to bulk viscometric methods), and 
deformability measurements on Stractan gradient subpopu- 
lations. 

Microcytosis in Hb SC disease seems to be secondary to 
cellular dehydration. This was demonstrated by the finding 
of decreased cation content of SC cells, by the presence of a 
high percentage of dense cells on Stractan gradients, and by 
osmotic gradient ektacytometry. Dehydration of SC cells 
seems, in turn, to be due to high and selective efflux of 
cellular K* that is not inhibited by ouabain, piretanide, or 
furosemide. This severe dehydration results in decreased cell 
volume and increased surface area—volume ratio, which 
explains the decreased osmotic fragility of SC cells shown by 
osmotic gradient ektacytometry. Thus AC red cells are least 
affected and CC cells are the most dehydrated. Brugnara et 
al have recently reported some similar findings in RBC 
homozygous for Hb CC. These cells were found to contain 
less cations and water than did normal RBC due to an 
increase in K* efflux that was insensitive to ouabain and 
bumetanide, but dependent on cell volume and internal pH. 

Microcytosis in Hb SC disease does not appear to be 
secondary to coexistent iron deficiency anemia or a-gene 
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deletion, since serum ferritin levels were within the normal 
range or elevated in all patients on whom this test was 
determined. Patients with four a-genes had microcytic and 
hyperchromic indices. Glader et al’’ also indicated that even 
in sickle cell anemia there is “relative microcytosis,” since 
the MCV values in this disease are less than expected for the 
degree of reticulocytosis. An unusual observation in this 
study is that reticulocyte-rich SC fractions had lower DI 
than expected from their low MCHC. A similar observation 
in reticulocyte-rich fractions from sickle cell erythrocytes 
was reported by Kaul et al.*? The mechanisms responsible for 
this observation are unknown. Lack of membrane remodel- 
ing due to functional asplenia in these patients may be one 
possibility. 

Factors responsible for the K* efflux in Hb SC disease are 
not known. One possibility may relate to the high affinity of 
Hb C for the erythrocyte membrane.” Preferential binding 
of 8€ chains to red cell membranes in comparison to 8^ and 
BS globin polypeptides has been reported.” The high affin- 
ity of Hb C for the red cell membrane seems to be similar to 
that reported for the glycolytic enzymes aldolase and glycer- 
aldehyde-3-phosphate dehydrogenase.” It is believed that 
hemoglobin binds to the cytoplasmic portion of band 3 of the 
red cell membrane, ® since it competes with the binding of 
glycolytic enzymes to the membrane. Binding to the mem- 
brane in each case is specific and primarily electrostatic, 
since it is highly sensitive to ionic strength and pH.” 
Moreover, the composition of the NH,-terminal of band 3 in 
human cells is very acidic. The first 31 amino acid residues 
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Fig 4. Osmotic deformability profile for control and Hb SC red celis. The shaded area represents the range for normai controls. (A) 
represents the range of 40 determinations on RBC from 16 patients with Hb SC disease and (B) represents deformability profiles on 
subjects with Hb AC (Nos. 1, 2, 3) and Hb CC disease (No. 4). All individuals had aaj aa genotype. 
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Fig 5. Osmotic deformability profiles for RBC subpopulation 
isolated on Stractan density gradients. Numbers on the hypertonic 
arm of the curves indicate the density of the Stractan layer above 
which the RBC population rested. The shaded area represents the 
range for normal controls. RBC are from (A) Hb SC patient, (B) Hb 
AC individual, and (C) Hb CC patient. 


contain 16 aspartic and glutamic acid residues, no basic 
residues, and a blocked a-amino group.“ This composition 
may explain the electrostatic mode of band 3 binding to Hb 
C, presumably to the basic lysine residue, which replaces 
glutamic acid normally present at the sixth position of the 
8-polypeptide chain. 
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Tabie 5. Properties of Normal, SC, AC, and CC RBC 
Subpopulations Isolated by Stractan Gradient Centrifugation 





Cations mEq/10 g Hb 





Stopping Reticulocyte MCHC 
RBC Density* {%) (g/dl) Na* K* Na+ K 
Control 1.080 2.6 32 0.25 3.16 3.41 
1.090 1.7 34 0.25 2.77 3.02 
1.100 0.9 37 0.33 2.42 2.75 
1.170 — = as a di 
SC 1.080 4.5 34 0.22 2.74 2.94 
1.090 2.1 38 0.21 2.38 2.59 
1.100 1.2 40 0.26 1.68 1.94 
1.170 0.3 44 0.22 1.18 1.40 
AC 1.080 2.1 33 0.27 2.88 3.16 
1.090 0.9 38 0.25 2.48 42.73 
1.100 0.5 40 0.32 2.17 249 
1.1710 0 _— = one hin 
cc 1.080 10.5 35 0.22 2.82 3.04 
1.090 7.8 38 0.20 2.33 233 
1.100 6.2 39 0.26 1.82 2.08 
1.110 5.1 42 0.35 1.24 1.39 





*Density of the Stractan layer on which each cell subpopulation 
rested. 


Taken together, our data suggest a functional interrela- 
tionship among Hb SC, membrane stability, and cation 
regulation. The pathophysiologic sequence of events in Hb 
SC disease may be as follows: Hb SC interacts with the 
membrane (probably band 3), somehow increasing K efflux. 
Cellular dehydration ensues, with concomitant increase in 
MCHC and abnormal rheological properties. Microcytosis is 
probably also a consequence of cellular dehydration. As has 
been shown for Hb CC cells,” the cell membrane permeabil- 
ity may be modulated by the hydration status of Hb SC 
RBC. Thus the more dehydrated the cells, the greater is their 
K* efflux due to increased membrane permeability. This 
sequence of events seems to be milder in AC cells and worse 
in CC erythrocytes than in SC red cells. The exact mecha- 
nisms involved in this sequence of events remain to be 
determined. 
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7q32-q36 Translocations in Childhood T Cell Leukemia: Cytogenetic Evidence for 
Involvement of the T Cell Receptor 8-Chain Gene 


By Susana C. Raimondi, Ching-Hon Pui, Frederick G. Behm, and Dorothy L. Williams 


Blast celi chromosomal rearrangements involving the long 
arm of chromosome 7 were identified in eight of 197 cases 
of childhood acute lymphoblastic leukemia (ALL). Break- 
points were variable but tended to cluster in either the 
proximal or the terminal 7q region. depending on the 
immunophenotype of the cells. The 7q32-q36 region, the 
locus of the T cell receptor 8-chain gene, was the site of 
breakpoints in four of 31 cases of T cell ALL but was not 
involved in any of the 166 cases originating from B cell 
precursors {P < .0004). In three of the four T cell cases it 
was possible to identify the chromosomal segment that 
had been translocated to the 7q32-q36 region: 1p32, 2p21, 


ERTAIN CHROMOSOMAL translocations are spe- 
cific for particular subtypes of human leukemia and 
lymphoma.’ The most striking example can be found in B cell 
neoplasias, in which translocations involve chromosomal 
regions containing the immunoglobulin (Ig) kappa, mu, and 
lambda chain genes.*’ These rearrangements consistently 
bring the c-myc proto-oncogene, on chromosome 8(q24), toa 
position adjacent to a rearranged and transcriptionally active 
ig gene, leading to aberrant activation of c-myc.* This model 
of gene activation has motivated a search for other instances 
of consistent chromosomal rearrangements that bring an 
“inactive” oncogene near “activating” sequences elsewhere 
in the genome.” 

The organization and rearrangement of T cell receptor 
(TCR) genes during T cell differentiation are analogous to 
the changes seen in Ig genes in B cell precursors.*’ Three 
classes of TCR-specific cDNA clones (a, 8, and y} have been 
isolated.*” The gene encoding the a-chain of the TCR has 
been mapped to bands q1 1-q12 of chromosome 14,'*'' a locus 
that is nonrandomly involved in translocations and inversions 
in human T cell neoplasias." Moreover, molecular altera- 
tions of the a-chain locus have been demonstrated in blast 
cells with the t(11:14)(p13;q13) in two cases of childhood T 
cell acute lymphoblastic leukemia (T-ALL)'* and in a T 
cell line with t(8:14)(q24:q11) derived from a child with 
T-ALL.” In a pediatric T cell leukemia line, inversion of 
chromosome 14 involving bands q11 and q32 resulted in the 
recombinational event of the Ig heavy-chain gene (14q32) 
with the gene for the TCR a-chain (14q11).?! These studies 
suggested that the a-chain gene locus may participate in 
proto-oncogene activation, in a manner similar to that seen in 
B cell lymphoid malignancies.*° The locus for the TCR 
-chain gene has been assigned to region 7q32-q36 of 
chromosome 7.3 Recently, Brito-Babapulle et al’® 
observed a strong correlation between the presence of a 7q 
abnormality and expression of the T cell growth factor 
receptor (Tac) in adult T cell leukemias, leading them to 
speculate that the chromosomal defect is indirectly responsi- 
ble for activation of the Tac gene. Finally, 7p15, where the 
human gamma-chain genes of the TCR is located,” is a 
frequent site of chromosome breakage in ataxia telangiecta- 
sia, a T cell disorder.” 

We present cytogenetic evidence that translocations 
involving the q32-q36 region of chromosome 7 are nonran- 


Blood, Vol 69, No 1 {January}, 1987: pp 131-134 


and 6p21. The 1p32 and 6p21 bands are particularly 
interesting, as they contain the sites of two known proto- 
oncogenes, c-L-myc and hpim, respectively. Our findings 
suggest that the locus of the -chain gene of the T cell 
receptor is a preferential site for certain chromosomal 
rearrangements in leukemic T lymphoblasts, analogous to 
the T cell receptor a-chain gene on human chromosome 
14. Translocation of proto-oncogenes to a site near the 
B-chain regulatory sequences provides a potential mecha- 
nism for oncogene activation. 

© 1987 by Grune & Stratton, inc. 


domly associated with childhood T-ALL and suggest that the 
TCR @-chain locus is affected by these chromosomal rear- 
rangements. 


MATERIALS AND METHODS 


Patients. From August 1983 to December 1985, 227 conseca- 
tive children with newly diagnosed ALL were admitted to St Jude 
Children’s Research Hospital. Thirty-three cases had a T cell 
immunophenotype, as judged from surface antigen reactivity with 
various T cell-related monoclonal antibodies. One hundred ninety- 
seven patients, including 31 with T-ALL, had blast cell metaphase 
preparations adequate for cytogenetic analysis. All patients were 
enrolled in studies that included a cell profile analysis, approved by 
the institution’s clinical trials committee. All patients were advised 
of the procedures and attendant risks, in accordance with institu- 
tional guidelines, and informed consent was obtained in each 
instance. 

Cytogenetic studies. Bone marrow samples, obtained from 
patients at the time of diagnosis, were processed according to the 
method of Williams et al.” Briefly, 0.1 to 0.2 mL of heparinized 
bone marrow was collected in tubes containing 8 mL of RPMI-1640 
with L-glutamine, antibiotics, and 30% fetal calf serum. The cells 
were processed immediately after a 25-minute incubation in Col- 
cemid (final concentration, 0.06 ug/mL), rinsed twice in Hank's 
balanced salt solution, and exposed to a hypotonic solution (0.075 
mol/L KCI) for a total of 32 minutes at room temperature, including 
periods of mixing, standing, and centrifugation. The cells were then 
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fixed in methanol-acetic acid (3:1, vol/vol) for 15 minutes. Slides 
were prepared with use of a flaming technique and were allowed to 
age for zero to seven days. Metaphase preparations were G-banded 
by a modification of the trypsin method of Seabright,” and chromo- 
somes were identified and assigned according to the International 
System of Human Cytogenetic Nomenclature.”' 

Immunophenotyping. Blast cells were separated on a density 
gradient, and only samples containing >85% blasts were assayed. 
Cell surface antigens were detected by a standard indirect immuno- 
fluorescence assay that relied on monoclonal antibodies to the major 
clusters of differentiation (CD) antigens described by the First and 
Second International Workshops on Human Leukocyte Differen- 
tiated Antigens.’ These included J5 (CD-10), anti- HLA-DR, 
OKT10, OKT9, 3Al (CD-7), T101 (CD-5), T11(CD-2)}, T3 (CD-3), 
T6 (CD-1), T4 (CD-4), T8 (CD-8), and B4 (CD-19). Two hundred 
cells were counted in each immunofluorescence assay; the results 
were considered positive if 40% or more of the blasts showed surface 
fluorescence. Cell surface immunoglobulin (slg) was identified by a 
direct immunofluorescence assay with fluoresceinated goat antihu- 
man immunoglobulin (Tago, Burlingame, CA). Cytoplasmic immu- 
noglobulin (cig) was identified by a direct method that used 
fluoresceinated F(ab’), goat antihuman p-chains (Southern Biotech- 
nology, Birmingham, AL).” Terminal deoxynucleotidyl! transferase 
(TdT) was identified by use of an indirect immunofluorescence 
assay (Supertechs, Inc, Bethesda, MD). The samples were classi- 
fied phenotypically according to the patterns of reactivity as T cell 
(T*, E rosette’, HLA-DR~), common (CALLA*, HLA-DR +, E~, 
T~, cig“, slg”), pre-B cell (cIlg*, HLA-DR*, CALLA*, E~, T~), or 
B cell (slg*). 


RESULTS 


Chromosomal rearrangements involving the 7q arm were 
found in blast cells from eight of the 197 cases studied. The 
breakpoints in four of these cases occurred in the proximal 7q 


Table 1. Clinical and Laboratory Data for Patients With 
T Cell Leukemia and 7q32-—q36 Transiocations 








Patient 1 Patient 2 Patient3 Patient 4 
Age (yr) 17 14 9 9 
Sex M M F M 
Mediastinal mass Yes Yes Yes Yes 
Spleen size (cm)* 1 10 7 0 
Liver size (cm)* 1 9 6 0 
Hemoglobin (g/dL) 16.2 12.8 10.8 13.1 
Leukocytes (x 10°/L) 12.4 233.5 13.2 1.6 
Platelets {x 10°/L) 278 45 551 92 
CNS jeukemia Yes Yes No No 
Surface markerst 
TdT 63 84 O o 
T101 (CD-5) 89 74 100 75 
T11 (CD-2) 93 93 100 40 
T3 {(C0-3} 37 Q 21 3 
OKTS 59 74 100 75 
OKT10 75 57 90 79 
T6 (CD-1) 8 0 97 2 
T4 (CD-4) 82 2 100 0 
T8 (CD-8) 86 6 96 6 
CALLA (CD-10) 28 74 0 0 
HLA-DR 13 0 7 4 





*Edge palpable below the costal margin. 

{Cases were considered positive if 240% of the celis reacted with the 
probe for a particular marker. The source of blasts was bone marrow from 
patients 1, 2, and 4 and pleural fluid from patient 3. 
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Fig1. Different abnormalities involving the 7q32-q36 region in 
cases of ~ cell leukemia. A through D show partial G-banded 
karyotypes of patients 1 through 4. The normal chrornosomes of 
gach pair are shown on the left and those for the rearranged 
chromosomes are shown on the right. Arrows indicate breakpoint 
sites. 


region (two at 7q11 and two at 7q22), while in the remainder 
they were within the terminal 7q region (one at 7q32 and 
three at 7q36). The former group comprised three cases of 
common ALL and one of pre-~-B-ALL, whereas each of the 
latter four was classified as T cell ALL: common or mid- 
thymocyte stage (cases | and 3) and immature or early 
thymocyte stage (cases 2 and 4) (Table 1). Thus the terminal 
7q region was involved in translocations within T lympho- 
blasts but not in those within non-T cells (four of 31 cases v 
zero of 166, P < .0004 by two-tailed Fisher’s exact test). In T 
cell cases. the DNA material exchanged with the 7q32-q36 
was different in each case (Fig 1 and Table 2), and none of 
the additional structural or numerical chromosomal abnor- 


Table 2. Blast Cell Karyotypes 





Patient No. Karyotype 
1 46. XY ,1(1;7}p32;432),del(9}(p22) 
2 46, XY,t(2:7Hp2 1:4036), del(5)(p 14), del(9}p2 1) 
3 47, XX, (6:7 Hp2 1:q36), + der(7),t16; 7 ip2 1;q36) 
4 44, XY, —5, — 10, dup invi1}ip32p 13),216:?) 


(q27:7),.07:?Ha36:?),1(16:2Hp 13:7), 
t(9:13}qi1;p12) 





7qter TRANSLOCATIONS IN CHILDHOOD T CELL ALL 


malities were alike except for a deletion of the p arm of 
chromosome 9 in cases | and 2. 

The clinical and laboratory features of patients with T cell 
ALL and a 7q32-q36 translocation are summarized in Table 
|. These three boys and one girl ranged in age from 9 to 17 
years (median, 11.5 years). All four had a mediastinal mass, 
and two had central nervous system leukemia at diagnosis. 
Patient | also presented with multiple scalp nodules and 
right facial paralysis, and patient 4 had an epidural tumor, 
resulting in paraparesis at diagnosis. Three of the patients 
entered complete remission and two remain free of leukemia 
for 10+ and 28+ months. Patient 3, who failed to achieve 
remission, was unusual in that there was a “lineage switch” 
from T cell ALL to acute myeloblastic leukemia after 3 
weeks of induction therapy. At that time, cytogenetic analy- 
sis disclosed only normal diploid karyotypes. 


DISCUSSION 


Numerical abnormalities of chromosome 7 are common in 
hematologic disorders, but structural abnormalities of the 7q 
arm are identified much less often.’ Cytogenetic analysis of 


197 well-banded consecutive cases of childhood ALL in this. 


study disclosed eight cases with rearrangements of the 7q 
arm. Breakpoints were variable but tended to show specific- 
ity for the immunophenotype of blast cells. In cases of T cell 
disease, breakpoints were restricted to the terminal 7q region 
(one at 7q32 and three at 7q36), whereas in B cell-precursor 
cases, they occurred in the proximal 7q region (two at 7q11 
and two at 7q22). 

The 14q1l-q12 region, which contains the TCR a-chain 
gene,'°'' appears to be nonrandomly rearranged and presum- 
ably is involved in proto-oncogene activation in T cell neopla- 
sias. =? Heretofore, the 7qter region (to which the TCR 
8-chain gene has been mapped) has received less attention as 
an important site of chromosomal abnormalities in T cell 
malignancies. "=?" Studying the blast cell chromosomes of a 
large number of childhood ALL cases has allowed us to 
demonstrate that 7qter abnormalities represent yet another 
subgroup of cytogenetic abnormalities that correlates with a 
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specific immunophenotype of ALL. In two of our cases, there 
was a loss of chromosome material from the short arm of 
chromosome 9(p21-p22), a finding previously reported in T 
cell lines,” as well as a distinct subtype of ALL characterized 
by “lymphomatous” features and presumably of T cell 
origin.” However, in a collaborative study, this chromosomal 
abnormality was found to bear no consistent relationship 
with blast cell immunophenotype or other presenting fea- 
tures.” 

Chromosome bands involved in each of the reciprocal 
translocations with the 7q32-q36 region were 1p32, 2p21, 
and 6p21. The | p32 belongs to the region to which c-L-myc® 
has been mapped. Although no specific proto-oncogenes have 
been identified at 2p21, Brownell et al have recently 
isolated and localized human cellular rel sequences to chro- 
mosome 2. The related viral sequence, r-re/, was derived 
from the cellular genome of a turkey with leukemia induced 
by the reticuloendotheliosis virus. Finally, the oncogene 
hpim has been mapped to the 6p21 region.” The Apim is a 
human homolog of a murine gene that is activated by 
retroviral insertion in murine T cell lymphomas. It seems 
reasonable to suggest that the c-L-mypc, Apim. and other 
putative proto-oncogenes are deregulated as a consequence 
of their translocation to a position near the TCR §-chain 
gene and its regulatory sequences. Whether or not the gene 
encoding the 8-chain of the TCR is involved in the genesis of 
childhood T cell ALL needs to be tested by molecular 
analysis of the DNA adjacent to breakpoints of the 7q32-q36 
translocations. 


NOTE ADDED IN PROOF 


Since initial submission of the manuscript we have identified 
another T cell ALL case with a t(6;7)(q24;q36), strengthening the 
association of the 7qter region with T cell malignancies. 
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Different Stimulative Effects of Human Bone Marrow and Fetal Liver 
Stromal Cells on Erythropoiesis in Long-Term Culture 


By Ineke Slaper-Cortenbach, Rob Ploemacher, and Bob Lowenberg 


The factors determining the predominantly erythroid 
direction of human fetal liver hematopoiesis are unknown. 
We compared the capacities of human fetal liver and bone 
marrow stromas to sustain fetal and adult hematopoiesis in 
long-term cultures. In various marrow-fetal liver combina- 
tions of stroma and recharge, the maintenance of erythroid 
(BFU-e) and myeloid (CFU-GM) precursors in the nonadher- 
ent phase was determined. The morphology of the fetal 
liver nucleated cells during culture was also examined. This 
study shows that fetal liver stromas efficiently support 
fetal BFU-e for 6 to 7 weeks in vitro. Bone marrow stromas 


ROM THE SIXTH until the 23rd week of gestation, the 
fetal liver is the main site of hematopoiesis of the 
human embryo.'* Although hematopoiesis is almost entirely 
erythroid, there is a high concentration of myeloid progenitor 
cells (CFU-GM) in early trimester human fetal livers, 
similar to that in adult bone marrow.’ In midtrimester 
fetuses,’ the organ continues to mainly show active erythro- 
poiesis, despite the high frequency of CFU-GM in the 
tissue. 

After regression of hematopotesis in the liver, the stem 
cells migrate to the bone marrow, where hematopoiesis 
becomes established. The questions why erythropoiesis domi- 
nates in the fetal liver notwithstanding the large numbers of 
myeloid precursor cells and why at a certain time during 
ontogeny hematopoiesis settles in the bone marrow have not 
been clarified. These phenomena may be caused, for exam- 
ple, by alterations in the properties of the stem cells during 
prenatal development or by changes of the environmental 
properties of the stroma that sustain and govern hemato- 
poietic stem cell differentiation. In order to throw light on 
these questions, we have performed long-term cultures 
according to Dexter et al.>“ 

Fetal liver and bone marrow-derived stroma layers were 
established and then seeded with fetal liver or bone marrow 
cells. The effects of the stroma layers, derived from either 
source, on the proliferation and differentiation of human 
fetal and adult marrow progenitor cells were assessed. 


MATERIALS AND METHODS 


Human fetal liver cells and bone marrow cells. Midtrimester 
fetuses (12 to 22 weeks) were obtained after vaginal termination of 
the pregnancy by the dilatation and evacuation method of Finks.’ 
Fetal age was estimated from the duration of amenorrhea and 
verified by echoscopy. The livers were collected in sterile Hanks’ 
balanced salt solution (HBSS), supplemented with HEPES and 
antibiotics, and transported to the laboratory. Within one to three 
hours after collection, the livers were washed three times with 
HBSS, and a single-cell suspension was prepared by pressing the 
cells through a nylon filter. The cells were passed through an 0.8-mm 
needle and filtrated through a Jena glass filter (D2, 90 to 40 um). 
The nucleated cells were counted in Tiirck solution. The viability 
was estimated by trypan blue exclusion and varied between 65% and 
85%. 

Bone marrow cells were aspirated from the posterior iliac spine of 
adult volunteers who had no hematologic abnormalities. The 
nucleated marrow cells were separated after 0.1% methylcellulose 
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were not able to maintain fetal BFU-e beyond 4 weeks. 
Significant numbers of marrow BFU-e were not sustained 
in vitro on either source of stroma. On the other hand, the 
Stroma layers of fetal liver and marrow origin were equally 
effective in maintaining fetal CFU-GM and adult CFU-GM in 
long-term culture. These findings show that the human 
embryonic liver stroma is a preferential site for stimulating 
fetal erythropoiesis. They do not demonstrate differences 
in stroma function to explain the relative paucity of myelo- 
poiesis in the fetal liver. 
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sedimentation. All patients had given informed consent to donate 
marrow in accordance with institutional guidelines. 

Parts of the fetal liver and bone marrow cells were directly used 
for preparing adherent stroma layers in culture; the remainders of 
the cell suspensions were cryopreserved. 

Long-term cultures. Bone marrow stroma layers, derived from 
20 x 10° nucleated marrow cells per flask, were established during 2 
to 3 weeks in 8 mL of alpha medium containing 20% horse serum and 
10°" mol/L hydrocortisone acetate as described by Touw and 
Léwenberg.® Fetal liver adherent cell layers were established during 
3 to 5 weeks after inoculation of 15 x 10° nucleated fetal liver cells 
into T flasks. After stroma formation, the fetal liver and bone 
marrow cells were thawed and separated on Ficoll Isopague (1.077 
g/mL). Then 5 to 10 x 10° of these nucleated cells were inoculated 
in cultures in which stroma layers had been preestablished, Cultures 
were run in duplicate. Various combinations of stroma layer and 
recharge were examined in comparative experiments: autologous 
fetal liver cells on a fetal liver stroma, allogeneic fetal liver cells on a 
fetal liver stroma, allogeneic fetal liver cells on a bone marrow 
stroma, and allogeneic bone marrew cells on a fetal liver strama, To 
exclude the possibility that the progenitors arose from the adherent 
cell layer, in selected experiments the stroma layers were irradiated 
(25 Gy) before recharge. Control experiments were also performed 
by culturing fetal liver cells in the absence of a stroma layer. At 
weekly intervals the nonadherent cells, in the collected half-volume 
of the culture medium, were counted and assayed for myeloid and 
erythroid progenitor cell content (CFU-GM, BFU-c), and the 
medium was replaced by fresh medium. The number of progenitor 
cells are expressed as the total number per flask and the values are 
corrected for weekly half-volume depletion (A x 2°°', A = number 
of recovered progenitor cells as determined in two flasks, n « number 
of weeks in culture). In selected experiments, the morphology of the 
cells was examined as well. 

Colony-forming assays. Granulocyte-macrophage colonies 
were grown in a double layer semisolid agar system, supplemented 
with 20% to 30% human placental conditioned medium (HPCM) in 
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the underlayer, as described,° to determine the number of myeloid 
precursors (CFU-GM). Erythroid burst-forming units (BFU-e) 
were cultured in 1.1% methylcellulose in Iscove’s modified Dulbec- 
co’s medium (IMDM; GIBCO, Scotland), supplemented with crude 
human urinary erythropoietin (prepared from urine of patients with 
aplastic anemia), 30% fetal calf serum, bovine serum albumin 
(0.75%), egg lecithin (3 x 107 mol/L), Na, SeO, (107° mol/L), 
iron-saturated human transferrin (7.7 x 10°° mol/L), and beta- 
mercaptoethanol (5 x 10°’ mol/L). One milliliter of this culture 
medium, containing 1 x 10° marrow or fetal liver cells, was plated 
into four wells of a cluster dish (Costar, Cambridge, MA; 16-mm 
well diameter) and incubated at 37 °C in a fully humidified atmo- 
sphere with 5% CO, in air. Colonies containing more than 50 cells 
were counted on day 14 by use of an invertoscope (Zeiss). 

The number of CFU-GM and BFU-e per 10° cells in the fetal liver 
preparations of varying embryonic ages at the time of collection were 
determined. Early and late midtrimester fetal livers contained 
approximately equivalent concentrations of precursor cells. Fetal 
age 13 to 15 weeks: CFU-GM = 694 + 309 (n = 26) (mean + SD), 
BFU-e = 3,917 + 2,420 (n = 14); 16 to 18 weeks fetal age: 
CFU-GM = 754 + 397 {n = 34), BFU-e = 4,166 + 2,009 (n = 20). 

Cell morphology. n order to follow the lineage-specific matura- 
tion during long-term culture, in some experiments the cells were 
used for cytological examination. Samples of the nonadherent cells 
were collected, cytocentrifuged (Shandon, Cheshire, England) and 
stained with May-Grtinwald-Giemsa (Merck). Per differential 
count, 200 cells were scored. Fetal liver and bone marrow stromal 
layers were also examined after cytochemical staining with a- 
naphtyl-esterase (with and without sodium fluoride), alkaline phos- 
phatase, and acid phosphatase. 


RESULTS 


The ability of fetal liver stroma layers to maintain fetal 
liver cells in Dexter-type cultures. In six experiments 
(Table 1) we recharged fetal liver-derived adherent cell 
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layers witn cryopreserved autologous fetal liver cells, to 
determine the maintenance of CFU-GM and BFU-e in 
long-term culture. A typical decline of CFU-GM numbers 
was seen ir all instances during the first week, which, in four 
experiments, was subsequently followed by a maintenance of 
CFU-GM during another 5 to 6 weeks. In four experiments 
CFU-GM numbers were still detectable at week 6 to 7 of 
culture, while in the two other experiments (2 and 6) 
CFU-GM extinguished rapidly. Numbers of BFU-e were 
also assessed throughout culture and were recovered until 
approximately week 6 of culture. BFU-e showed similar 
kinetics of recovery in vitro, ie, a precipitous fall during week 
1 and a maintenance of BFU-e numbers during the subse- 
quent 6 weeks of culture. The data are not indicative of a 
relationshid between fetal age of the stromas and their 
capacity to support CFU-GM and BFU-e during culture. 
Stromas derived from livers of week 14 and week 15 fetuses 
(Table 1, experiments 1, 2, and 3) and those from week 18 
(Table 1, experiments 4, 5, and 6) gave equivalent results. 

In order to investigate the capacity of fetal liver stroma 
layers to sustain the fetal liver hematopoiesis from different 
donors, we also evaluated the effect of allogeneic stroma 
layers under similar conditions. Two directly comparative 
experimen7s were performed, and the influence of the allo- 
geneic fetal liver stroma on the recoveries of nucleated cells, 
CFU-GM, and BFU-e in long-term cultures was determined. 
Equivalent values of these parameters were measured on 
allogeneic and syngeneic fetal liver stroma layers. 

In addition, four control experiments were performed in 
which fetel liver cells were cultured in the absence of a 
stroma layer. In these cultures no CFU-GM and BFU-e 
could be recovered at week 4 of culture. In two experiments, 
the cell layers were scraped and assayed for the presence of 


Table 1. CFU-GM and BFU-e in Stromal Cultures Determined at Weekly intervals: Autologous Fetal Liver Celis 
on a Fetal Liver-Derived Adherent Call Layer 
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Experiment 1 Experiment 2 Experiment 3 Experiment 4 Experiment 5 Experiment 6 
(14}* (14}* (15)* {18}* (18)* 118)" 
CFU-GM 

Day 0O 40,000 14,300 14,896 9,724 12,095 38,300 
Week 1 12,420 4,030 4,620 8,064 4,200 6,720 
Week 2 3,220 224 112 386 609 1,098 
Week 3 ND 120 1,120 920 209 4,180 
Week 4 1,040 80 2,640 560 3,695 2,720 
Week 5 1,120 ($ 320 640 4,352 0 
Week 6 2,240 320 960 2,569 

Week 7 2,560 640 6 1,280 

BFU-e 

Day 0 174,000 114,000 106,780 60,665 73,500 278,500 
Week 1 18,684 5,890 §,632 5,472 36,036 8.016 
Week 2 6,552 4,480 2,072 3,050 7,008 2,530 
Week 3 12,208 3,824 584 3,760 15,400 7,752 
Week 4 4,664 2,032 992 2,936 22,088 4,840 
Week 5 5,440 944 1,904 3,456 17,536 8,640 
Week 6 10,208 704 864 1,728 22,112 3,456 
Week 7 2,048 0 1,024 3,456 9 0 


i O e entteeeeRRnnntlltttettttem—Tnnete initiate ttt ane 
The upper part of the table presents the recoveries of CFU-GM numbers; the tower part, those of BFU-e numbers during long-term culture. Figures 
indicate corrected numbers of progenitors per flask. ND, not determined. 
“Fetal age in weeks. 
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CFU-GM and BFU-e. This was done to verify whether 
significant numbers of progenitor cells were trapped in the 
adherent cell layer. At week 3 of culture, the fetal liver 
stroma layer contained 75 CFU-GM per flask and at the 
time of recharge (week 4) no CFU-GM were detected. At 
the same time points, no BFU-e were measurable in the fetal 
liver adherent cell layers. 

Is the bone marrow stroma layer capable of maintaining 
allogeneic fetal liver cells in long-term culture? In a 
subsequent series of experiments, a comparison between the 
effects of bone marrow and fetal liver layers on fetal liver 
CFU-GM (Fig 1) and BFU-e (Fig 2) was made. These 
experiments were performed using allogeneic cells. 

The myeloid progenitor cells from fetal liver were equally 
well maintained on fetal liver and bone marrow stroma layers 
until approximately week 9. No differences were seen as 
compared with cultures in which the stroma layers had been 
preirradiated, indicating that the CFU-GM measured in the 
nonadherent layer were not derived from the adherent layer. 
On the other hand, it appeared that bone marrow adherent 
cell layers were generally inferior to fetal liver stroma layers 
in maintaining fetal liver BFU-e numbers. This was apparent 
from the directly comparative experiments presented in Fig 
2. Additional experiments revealed that considerable num- 
bers of BFU-e were still recoverable at week 6 in five 
allogeneic fetal liver cultures (data not shown). However, 
when allogeneic fetal liver cells were cultured on a bone 
marrow stroma layer, BFU-e were measurable until 3 to 5 
weeks only. 

Thus these data indicate a stromal specificity of fetal liver 
and adult marrow for promoting the recoveries of the 
erythroid precursor cells but not myeloid precursor cells. 
Notably, preirradiation of the stroma layers did not influence 
the recoveries of the numbers of BFU-e from the cultures. 

Is a fetal liver stroma layer also capable of maintaining 
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fig 1. Direct comparison of the effect of fetal liver and bone 
marrow stromas on fetal liver CFU-GM. The curves represent 
percentage recoveries of the numbers of CFU-GM relative to those 
inoculated in culture at time O (100%) and are expressed as a 
function of the time (weeks) of culture. A——A, fetal liver (autolo- 
gous) in cultures with fetal liver stroma; @—@®, same but with 
preirradiated stroma; A——A, fetal liver (allogeneic) in culture with 
marrow stroma; O-—-O, same but with preirradiated stroma. Fetal 
liver cells from the same source were inoculated on comparative 
stromal layers in duplicate (means + SD). 
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weeks of culture 


Fig2. Comparison of the effect of fetal liver and bone marrow 
Stromas on fetal liver BFU-e. The curves represent percentage 
recoveries of the numbers of BFU-e relative to those inoculated at 
time 0 (100%) and are expressed as a function of the time (weeks) 
of culture. Each section gives the experimental data (means + SD) 
within individual experiments. A~—A, cultures with fatal liver 
stroma; A——Aà, cultures with marrow stroma. 


adult precursor cells in long-term culture? In the last 
series of experiments, the capacity of fetal liver strormas to 
maintain marrow precursors (Table 2) in long-term cultures 
was examined. As compared with marrow stromas, fetal liver 
stromas were equally capable of maintaining marrow CFU- 
GM and BFU-e. 

In conclusion, the favorable effect of a fetal liver stroma 
layer on the maintenance of erythroid progenitor cells is 
restricted to fetal liver BFU-e; it is not exerted on marrow 
BFU-e. : 

Morphology of the nonadherent fetal liver cells during 
long-term culture. The lineage-specific developments of 
the recharged fetal liver cells during long-term culture were 
assessed by cytological examination. Whereas the fetal liver 
is mainly erythropoietic at the time of inoculation, at | week 
of cultivation on a stroma layer, a switch to myelopoiesis was 
observed. After 4 to 5 weeks in vitro the nonadherent cell 
population was mainly composed of monocytes and macro- 
phages. No differences were seen between cells grown on an 
autologous or allogeneic fetal liver stroma or those on a bone 
marrow stroma. 

Morphology of the fetal liver stromal layers. The com- 
position of the fetal liver stroma differed from that of the 
bone marrow stroma. The fetal liver fibroblasts were orga- 
nized as confluent layers on the bottom of the flask. In 
contrast to the bone marrow cultures no patches or cobble- 
Stones were observed in cross sections of the fetal liver 
stroma. No fat cells appeared in the fetal liver stromal 
cultures as occurred in the bone marrow stromal! cultures.“ 
Hematopoietic cells were scattered throughout the stroma 
layer. Cytochemistry of these cells did not reveal differences 
and confirmed the presence of macrophages, myeloblasts, 
and more mature myelocytic cells. 


DISCUSSION 


We have performed experiments to examine the specific 
effects of fetal liver and bone marrow stroma layers on the 
proliferation and differentiation of fetal and adult hemo- 
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Table 2. Comparison Between the Abilities of Marrow and Fetal Liver Stromas to Maintain Marrow Progenitors (CFU-GM: BFU-e) 








CFU-GM BFU-E 
Autologous 

BM Ceils 

ona BM Allogeneic BM Celis Autologous BM Allogeneic BM Cells 

Stroma on a Fetal Liver Calis on a BM on a fetal Liver 

Layer Stroma Layer Stroma Layer Stroma Layer 

Exp. 10 Exp. 11 Exp. 12 Exp. 13 Exp. 14 Exp. 15 Exp. 16 Exp. 17 Exp. 18 Exp. 19 Exp. 20 Exp. 21 Exp. 22 
Day 0 3,154 11,826 10,296 2,200 13,248 27,500 4,067 14,490 62,600 13,248 18,615 20,124 16,100 
Week 1 2,106 4,258 2,460 1,270 26 1,973 855 13 24,249 320 2,438 1,770 4,109 
Week 2 3,194 4,675 3,116 1,760 84 8) 168 0 3,060 660 66 Q 129 
Week 3 2,840 456 616 1,440 0 0 0 240 0 0 
Week 4 1,280 560 720 640 920 
Week 5 960 320 1,920 1,920 
Week 6 320 0 1,280 0 





Experiments 14 and 19 were done as direct comparisons with the same marrow specimen. 


poietic precursors. The data presented in this study show that 
human fetal liver hematopoiesis in long-term culture, similar 
to human marrow hematopoiesis’? requires the estab- 
lishment of an adherent cell layer. In direct comparative 
experiments it was demonstrated that the fetal liver stroma 
maintains fetal liver BFU-e better than the bone marrow 
stroma does. In contrast, marrow BFU-e, marrow CFU-GM, 
and fetal liver CFU-GM were supported equally well by the 
stroma layers of both tissues.'"”’* Allogeneic effects between 
stromas and cell inoculates were not apparent. 

The hematopoietic inductive microenvironmental sites 
within different organs are thought to have a role in regulat- 
ing hematopoiesis from the pluripotent stem cells into com- 
mitted precursors.’*'* The microenvironments in different 
organs (eg, marrow, spleen, embryo liver) appear to have 
different specificities in determining cell lineage matura- 
tion.'!° We investigated whether fetal liver stroma layers were 
capable of maintaining BFU-e in long-term cultures. The 
answer to this question is considered of interest with respect 
to the lack of understanding of the predominantly erythro- 
poietic nature of the human fetal liver. Direct comparisons 
between the effects of fetal liver and marrow stroma layers 
on fetal BFU-e demonstrated a more powerful stimulative 
capacity of the fetal microenvironment. 

BFU-e were recovered for 6 to 7 weeks when seeded on a 
fetal stroma, whereas, in all instances, they had disappeared 
before 5 weeks after their inoculation into marrow stromal 
cultures. Total BFU-e numbers recovered were also higher in 
fetal liver than in marrow stromal cultures. It is unclear 
which cell types in the stroma layers account for these 
differences. Evidence exists to suggest that macrophages and 
endothelial cells in human marrow stromal cultures do not 
influence the proliferation of marrow BFU-e.'* Marrow- 
derived fibroblasts appear to suppress the formation of (new) 
BFU-e. These cells may therefore be regarded as candidates 
being responsible for the discrepant effects of fetal liver and 
marrow stromas on BFU-e. Both in fetal liver and marrow 
stromal cultures BFU-e numbers dropped considerably 
within the first week, but in the case of fetal liver, a 
production of erythroid precursors was seen beyond week 2. 
We noted that the stimulative effect of the fetal liver 
microenvironment on erythroid progenitors was specific for 


fetal BFU-e. When bone marrow cells were cultured on a 
fetal liver stroma layer, the number of adult BFU-e declined 
precipitously. These different values of fetal liver and mar- 
row BFU-e on the same type of stroma are suggestive of cell 
dissimilaricies existing between fetal liver BFU-e and mar- 
row BFU-e and indicate alterations of the responsiveness of 
the erythroid precursors to stroma stimuli during human 
ontogeny. 

Human fetal liver contains large numbers of committed 
myeloid progenitor cells. However, a minimal representation 
of granulopoiesis is apparent in histologic sections. Whether 
the scarce granulopoietic activity in the fetal liver organ is 
the result of different microenvironmental influences or 
instead a Cifferent responsiveness of the fetal progenitors to 
stimulation has not been defined. Our experiments do not 
reveal divergent efficiencies of feta! liver and marrow stro- 
mas as far as the production of CFU-GM is concerned. 
Quantitatively equivalent numbers of marrow- and fetal 
liver—derived CFU-GM were recovered from the fetal liver 
stromas (cultured for 5 to 7 weeks). In addition, fetal liver 
and marrow stroma layers permitted identical recoveries of 
CFU-GM numbers. Thus the data from these studies suggest 
that (a) fetal CFU-GM are susceptible to the stromal factors 
from both marrow and fetal liver, and (b) the fetal liver 
stroma laver is capable of stimulating the production of 
CFU-GM from adult and embryonic hematopoiesis to the 
same externt as bone marrow stroma layers do. 

Morphological analysis revealed the predominance of 
myeloid cells, while erythroid cells had disappeared within | 
week of culture. As a matter of fact, it is likely that in vivo in 
the embry>, certain events inhibit granulopoiesis from the 
numerous myeloid precursors contained in the human fetal 
liver. A previous study’? has shown that mature granulo- 
poietic elements from fetal liver may be detected in cultures 
on a bone marrow stroma layer for more than a year. This 
particular analysis did not include measurements of CFU- 
GM. We ciscontinued our cultures as soon as the CFU-GM 
had disappeared, and in our experience, at approximately 
week 5 of culture, the nonadherent cell population consisted 
mainly of macrophages, regardless of the tissue origin of the 
stroma layer or recharge. 

We conclude from these experiments that with regard to 
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the regulation of erythropoiesis, both the function of the fetal 
liver microenvironment and the responsiveness of fetal liver 
progenitors (BFU-e) to stroma stimulation differ from those 
of the marrow stroma and marrow BFU-e. No differences 
were found to account for the scarcity of myelopoiesis in the 
fetal liver. While in vitro no active suppression of granulo- 
poiesis exists, the rare granulopoiesis in vivo may primarily 
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be the consequence of the erythropoietic advantage in the 
embryo liver. 
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Factor IX asama: A Point Mutation in a Clotting Protein Results in Hemophilia B 


By Lisa M. Davis, Royal A. McGraw, Jerry L. Ware, Harold R. Roberts, and Darrel W. Stafford 


Factor IXambama iS a Variant factor IX molecule responsible 
for a clinically moderate form of hemophilia B. Twenty-five 
kilobases (kb) of the variant gene, including seven exons 
coding for the structural protein, were cloned and charac- 
terized. The restriction map and the arrangement of coding 
regions are identical to those of the normal gene. DNA 
sequence analysis of the coding regions revealed a single 
base-pair difference between the gene for factor IX aiabama 


ACTOR IX is a plasma coagulation glycoprotein neces- 
sary for normal hemostasis. The factor IX zymogen has 
a mol wt of 56,000 daltons and can be activated by factor 
XIa and Ca?* as well as factor VIla-tissue factor, both of 
which cleave the molecule at arginyl residues 145 and 180 to 
release an activation peptide of ~10,000 daltons. Activated 
factor IX, in the presence of co-factors (Ca’*, phospholipid, 
and activated factor VIII) rapidly converts factor X to factor 
Xa.! 

The sequence of normal human factor IX cDNA clones 
and genomic clones has been previously reported.’ The 
normal gene is 35 kilobases (kb) in length and consists of 
eight coding regions (exons) and seven intervening sequences 
(introns). The full-length cDNA is 2.8 kb and includes 1.3 kb 
of a 3’ nontranslated region. The gene has been localized to 
band Xq27 through Xq28 on the long arm of the X chromo- 
some and is in close linkage with the fragile X mental 
retardation syndrome.’” 

Factor IX is absent or defective in the plasma of individu- 
als suffering from hemophilia B (Christmas disease). This 
sex-linked bleeding disorder results from a variety of genetic 
defects in the factor IX gene.’ Affected individuals are 
classified according to their plasma levels of immunologi- 
cally detectable factor IX. Cross-reacting material-positive 
(CRM‘*) variants have essentially normal levels of factor IX 
antigen with reduced clotting activity. CRM-reduced 
(CRM~®) patients have proportionately reduced levels of 
both antigen and clotting activity and CRM-negative 
(CRM~) individuals have virtually undetectable levels of 
both antigen and clotting activity."!°"! 

At least eight unique CRM’ variants have been 
described.! The CRM* variants provide a unique opportu- 
nity for understanding the complex relationship between the 
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and the norma! factor IX gene. An adenine to guanine 
transition in the first nucleotide of exon d causes the 
substitution of a glycine codon (GGT) for the normal 
aspartic acid codon (GAT). This point mutation results in a 
single amino acid substitution at residue 47 of the zymogen 
and represents the genetic defect in factor IX susama 

© 1987 by Grune & Stratton, Inc. 


protein structure of factor IX and its functional role in 
coagulation. When a specific mutation in one of these 
variants is identified and correlated with an aberrant func- 
tion, an understanding of the relationship between structure 
and function is enhanced. One CRM* variant, factor IX ,j,44. 
va has been isolated from patients with moderate hemophilia 
B. Factor [Xjjyam, has only 10% of the clotting activity of 
normal factor [X.'*!? In this report, we describe the genetic 
defect in patients with factor IX ansam Our studies reveal a 
point mutation resulting in the substitution of a glycine for 
an aspart.c acid at position 47 of the factor IX protein. 


MATERIALS AND METHODS 


Patients. Patients from the pedigree with factor [Xa am, have 
been previously described.'*'* Factor IX was purified from the 
plasma of affected patients.'* After informed consent from patients, 
DNA was extracted from whole blood or leukocytes from the two 
affected patients in this kindred list.'* 

Factor EX gishama Factor IX aisnama WAS isolated from the patients’ 
plasma as previously described.'* The mol wt and determination of 
y-carboxyglutamic acid residues were performed essentially as 
described for factor IX cyanea n © B-hycroxyaspartic acid was deter- 
mined by Dr Walter Kisiel of the University of Washington, 
Seattle.” 

Factor iX yasama genomic library. The recombinant library was 
constructed by ligating a size-fractionated EcoRI partial digest of 
this genomic DNA to the phage vector  gtl-A B.'* Conditions for 
sucrose gradient fractionation, ligation, and A packaging were as 
described.” 

Factor 1X sorama Clones. The library was screened for factor 
1X amama Cones with synthetic oligonucleotide probes or with the 
full-length factor IX cDNA.‘ Oligonucleotides were end-labeled as 
described,” and the full-length cDNA was radiolabeled according to 
a standard nick-translation protocol.” Alternatively, the full-length 
cDNA, subcloned into the M13 phage vector mp9, was labeled with 
a YP dATP in a reaction similar to the chain-terminating dideoxy 
DNA-sequencing reaction except that dideoxy nucleotides were 
omitted. 

The factor IX anmam Clones were subcloned from the A phage vector 
into both pUC plasmids and M13 phage vectors to facilitate 
restriction analysis and DNA sequence determination. Standard 
procedures for construction of these subclones were followed." 

DNA sequence analysis. DNA sequence analysis was done 
according to the method of Biggin and co-workers” or by a modifica- 
tion of the Sanger dideoxy chain-terminating method” using end- 
labeled primers.” Primer was either the universal pentadecamer 
(New England Biolabs) or one of the factor [X-specific synthetic 
oligonucleatides.* The template was either an M13 single-stranded 
DNA or a pUC double-stranded DNA subclone. 


RESULTS 
The mol wt of factor IX ,isama WaS Normal. The protein has 
12 y carboxyglutamic acid residues and a 8-hydroxy- 
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aspartic acid at position 64 (data not shown). Factor IX can 
be activated to the factor [Xa@ form of the molecule and 
possesses 10% of the clotting activity of normal factor IXag. 
In addition, factor IX Aaaama iS present in normal amounts, as 
previously demonstrated.'” 

Two factor IX genomic clones, designated LC-7 and 
LC-10, were isolated from the factor IXajtama library. 
Together they comprise 25 kb of the factor IX umama gene. 
These clones include all the sequence coding for the mature 
structural protein and one-third of the leader peptide. The 
remainder of the pre—pro sequence was not determined, since 
the factor IX,isama Protein was secreted normally, as evi- 
denced by normal plasma antigen concentrations, and had a 


normal complement of y carboxyglutamic acid residues. 


These findings indicated that the pre—pro portion of the gene 
was normal. 

LC-7 was identified with an end-labeled 18-mer oligo- 
nucleotide probe, synthesized for the active serine site region 
of exon h. LC-10 was identified with the uniformly labeled, 
Klenow-extended, full-length cDNA. The identity of each 
clone was established initially as follows: a Sau 3A digest of 
each clone was subcloned into the BamHI site of mp8 and 
rescreened with the original probe. The DNA sequences of 
positive plaques were determined and compared with the 
published cDNA sequences.“ 

DNA sequence analysis. Figure 1 shows the strategy 
used in sequencing factor IX nsama In those cases in which 
sequence of only one strand was obtained, several indepen- 
dently derived templates were used. Because exon d contains 
the point substitution found to cause the functional defect of 
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Fig 1. Sequencing strategy. The gene is shown at top, with 
exons b through h enlarged in the middle. Vertical lines represent 
termini of restriction fragments subcloned for DNA sequence 
analysis: R: EcoRI, S: Sau 3A, V: Pv ll, T: Sst |, H: Hind HH, P: Pst |, 
B: Bgi ll, N: Neo i, X: Xba l. Each arrow represents the extent and 
direction of sequence obtained from individual template and 
primer combinations. Arrows beginning with solid boxes indicate 
sequence obtained from double-stranded DNA templates: simple 
arrows indicate sequence determined from M13 single-stranded 
DNA templates, using the commercial universal primer. The single 
arrow beginning with an open box represents sequence obtained 
from an M13 single-stranded DNA template, using the synthetic 
18-mer as primer. The five arrows showing determination of exon 
d sequence were the result of two independent ligations of a 
0.76-kilobase EcoRI /Pvu ll fragment. Additional sequences analysis 
confirmed the exon d mutation in both strands (additional arrow 
not shown). 
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factor IX Alabama (discussed below), the DNA sequence of this 
region was determined in both strands from six independent 
M13 templates derived from different A bacteriophage prep- 
arations. 

The nucleotide sequence for ~4,600 bases of the factor 
IX sabam gene was determined. This included all the 
sequence coding for the mature structural protein, one-third 
of the leader peptide sequence, all the 3’ nontranslated 
region, and some flanking intron sequence (Table 1). 

The sequence throughout the mature coding region of 
factor [X,jsbama 18 identical to all the normal factor IX clones 
except at two positions. Both affect the primary amino acid 
sequence. One difference occurs in the third residue of the 
activation peptide and has been shown by us to result from a 
nondeleterious dimorphism that is found in both the normal 
and hemophilic population.* The presence of either a guanine 
or an adenine in the first position of the codon for the third 
residue of the activation peptide results in either an alanine 
(GCT) or threonine (ACT) in this position. This corresponds 
to residue 148 of the zymogen. Factor IX ausm, codes for a 
threonine in this position. 

The other difference affecting the amino acid sequence is 
not found in any of the normal factor IX sequences and 
constitutes the abnormality in factor IX,,,ame- This difer- 
ence occurs in the first nucleotide of exon d (Fig 2A). This is 
the second nucleotide of the triplet coding for the 47th 
residue of the mature protein. An adenine to guanine transi- 
tion causes the substitution of a GGT codon for the normal 
GAT codon. This mutation results in a glycine substitution 
for aspartic acid at residue 47, preceding the epidermal! 
growth-factorlike region of the protein. Figure 2B shows 
more clearly the DNA coding sequence of normal factor TX 
and factor IX Ambam in this region and the corresponding 
translated amino acid sequence. 

Two genomic factor IX sequences** are available for 
comparison of intron sequences that demonstrate naturally 
occurring polymorphisms. Anson and colleagues’ reported 
the presence of a thymine between the cytosine and adenine 
that occur at 124 and 125 nucleotides 5’ to exon b. This 
thymine is absent in both factor IX nwm and in the normal 
sequence, as reported by Yoshitake and co-workers.® The 
sequence of one cDNA clone* and two genomic clones** that 
include the complete 3’ nontranslated region have been 
reported. There are discrepancies between those sequences 


Table 1. Summary of Determined FiX,,,,,,,. Nucleotide Sequence 








Exon Nucieotides Nucleotides 
Exon Length 5’ to Exon T to Exon 
b 164 190 188 
c 25 188" k 
d 144 106 140 
e 129 106 197 
f 203 226 35 
g 115 228 40 
h 1,963ł 394 64 
Totals 2,713 1,250 663 





*This sequence is also listed as nucleotides 3’ to exon b and has not 
been inciuded tn the total. 
tincludes 1,418 nucleotides at the 3’ end that are not translated. 
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Fig 2. (A) Sequence analysis of factor IX,,,oma- Sequencing data 
is shown for the region of junction between intron 3 and exon d. 
The first nucleotide of exon d in the normal sequence (left 
autoradiograph) is adenine as compared with the guanine substitu- 
tion in factor IX enma (right autoradiograph). Both normal and 
mutant nucleotides are highlighted at the level of the asterisk. (B) 
The abnormal amino acid sequence in factor IX,.,.me, The cDNA 
and amino acid sequence of normal factor IX are shown at top. The 
cDNA and amino acid sequence of factor IX,..un. are shown at 
bottom. Substitution of guanine for adenine in the second nucieo- 
tide of the 47th codon predicts that glycine will be substituted for 
the normal aspartic acid. 


and the one in this report at four positions, all involving single 
base-pair changes. When the sequence numbers of Yoshitake 
and co-workers are used as a reference,® the cDNA sequence 
and the genomic sequence show cytosine at 31,663 where 
factor IX sabam has thymine: similarly, both the cDNA clone 
and the genomic clones have adenine at position 32,056 
where factor IX sisnama has guanine. Factor [Xaj,5ema, However, 
our cDNA clone,’ and the normal genomic sequence® are 
alike at two additional positions, (adenine at 32,063 and 
cytosine at 32,308) but different from the cDNA sequence 
reported by Anson and colleagues,’ which has guanine at 
both positions. 


DISCUSSION 


Factor [Xa;ssama iS a dysfunctional coagulation protein 
with a normal mol wt and a normal complement of y 
carboxyglutamic acid residues,’ suggesting that the defect is 
not due to gross structural alterations of the gene. Our results 
obtained by both restriction and DNA sequence analysis of 
the clones confirm that the gross structure of the factor IX 
gene is intact. DNA sequence analysis, however, reveals a 
single base-pair substitution in the coding region of factor 
IX satama; AN adenine to guanine transition at nucleotide 307 
in the cDNA sequence’ (corresponds to nucleotide 10,392 in 
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ref 6) changes a GAT codon to a GGT codon, resulting in a 
glycine substitution for aspartic acid at position 47 of the 
protein. The substitution occurs in the amino terminal region 
of the “connecting peptide” in the light chain of factor IX 
preceding the epidermal growth factor domain. This single 
point substitution is the only observed structural difference 
between factor [X,jsnama and normal factor IX, suggesting 
that this is the genetic defect responsible for the decreased 
clotting activity of factor IX nsma. This substitution is 
sufficient to result in moderate bleeding in affected members 
of the factor IX s:snama Kindred. 

DNA sequence of exon a, which codes for two-thirds of the 
leader peptide, was not determined. The leader peptide ts 
believed to function in transport of the protein from the site 
of synthes:s to its site of carboxylation in the cytoplasm of the 
hematocyte before secretion into the circulation. Because 
factor IX amma i8 normally secreted and carboxylated, it is 
very unlikely that a defect exists in the region of exon a. 
Therefore absence of the sequence of exon a should not 
affect the conclusions drawn here regarding the defect 
responsible for the bleeding tendency in affected patients 
with factor IX j.ama- 

The DNA sequence of exon d was confirmed in both 
strands. The possibility that the substitution might be a 
cloning artifact is diminished by the fact that the sequence 
was determined from six independent templates derived from 
two independent preparations of the A clone LC-10. In 
addition, orimary amino acid sequence analysis of the iso- 
lated factor LX ansam Protein confirms the presence of glycine 
instead of aspartic acid at position 47.” 

Six other nucleotide differences exist between this variant 
gene and previously published sequences of normal factor IX 
genes, but five of these do not affect the structural protein 
and cannot account for the defect in factor IX siasama Phe 
sixth difference is a naturally occurring dimorphism in the 
third resicue of the activation peptide* and again cannot be 
responsible for the dysfunctional protein because the dimor- 
phism is observed in both normal factor IX and factor 
EX annama and in other abnormal factor IX molecules. 

Together, these facts suggest that a glycine substitution 
for aspart:c acid at residue 47 is responsible for the decreased 
clotting activity of the factor IX bama molecule. Aspartic 
acid is a relatively large, charged residue, usually found on 
the surface of globular proteins, where it may interact with 
other prcteins or cofactors. Substitution of the small, 
uncharged glycine may interfere with normal charge interac- 
tions occurring in this region of the protein. Alternatively, 
the substitution may lead to an altered conformation by 
virtue of tre relatively flexible C-N bond of glycine. Whether 
the funct:onal defect of factor UX; nama results primarily 
from the loss of charge interactions. an altered conformation, 
or some other function, remains to be established. Previous 
work from our laboratory has shown, however, that the 
binding of activated factor IX Ansama With phospholipid is 
normal, although clotting activity is abnormal. Thus, we 
assume that the functional abnormality causing the 
decreased clotting activity of factor FX aipama is due to the 
mutation at position 47 of the zymogen, although the mecha- 
nism of the defect is not yet clear and awaits further study. 
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Inhibition of Hemoglobin Production by Transferrin-Gallium 


By Christopher R. Chitambar and Zorica Zivkovic 


Recent clinical trials evaluating gallium nitrate as a chemo- 
therapeutic agent have reported the development of 
microcytic hypochromic anemia in patients treated with 
this agent. Because gallium is known to bind avidly to 
transferrin, we examined the effect of transferrin-gallium 
(Tf-Ga) on hemoglobin production by Friend erythroleu- 
kemia cells in vitro. Cellular hemoglobin production, as 
assessed by benzidine staining, cellular hemoglobin con- 
tent, and “Fe incorporation into heme, was significantly 
decreased following exposure of cells to Tf-Ga. Tf-Ga led 
to an early decrease in cellular “Fe incorporation even 
before changes in hemoglobin production were detected. A 
marked increase in cellular transferrin receptor expression 


ALLIUM, a group Illa metal with significant antitu- 
mor activity,’ is currently being evaluated as a cancer 
chemotherapeutic agent in phase II clinical trials (gallium 
nitrate NSC-1500). A recent clinical study reported the 
development of microcytic hypochromic anemia in patients 
treated with this agent.’ Although most chemotherapeutic 
drugs are myelosuppressive, the resultant anemia is usually 
normocytic normochromic, and the development of a micro- 
cytic hypochromic anemia from chemotherapy per se is 
unusual. 

Several studies have demonstrated that gallium shares 
certain characteristics with iron in that it avidly binds to 
transferrin? and lactoferrin*’ and can be incorporated into 
ferritin.® The uptake of gallium-67 by cells in tissue culture is 
markedly enhanced by the addition of exogenous transferrin 
to the media’* and, although the process of gallium uptake 
by cells is incompletely understood, it may be mediated by 
the transferrin receptor.” These similarities between the 
transport and cellular uptake of iron and gallium raise the 
question of whether one metal might influence the cellular 
handling of the other and whether such an interaction could 
explain the development of hypochromic microcytic anemia 
during treatment with gallium nitrate. 

To understand the mechanism of gallium-induced anemia 
better, we studied the effects of transferrin-gallium (Tf-Ga) 
on hemoglobin production by Friend erythroleukemia cells in 
vitro during induction with dimethylsulfoxide (DMSO). 
Hemoglobin production by these cells is significantly inhib- 
ited by Tf-Ga and this decrease in hemoglobin production is 
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occurred following exposure of celis to Tf-Ga. Tf-Ga inhibi- 
tion of hamoglobin production could be reversed and 
hemogiobm production could be restored to normal by 
addition to the media of either transferrin-iron (Tf-Fe) or 
iron-pyridoxal isonicotinoyl hydrazone, a compound capa- 
ble of supplying iron directly to reticulocytes for heme 
synthesis without transferrin as a mediator. These studies 
provide an explanation for the development of anemia in 
patients treated with gallium nitrate and suggest that 
gallluum’s mechanism of chemotherapeutic action includes 
inhibition of cellular iron incorporation. 

o 1987 by Grune & Stratton. inc. 


preceded by a decrease in cellular iron incorporation. Provi- 
sion of adequate amounts of iron in the form of transferrin- 
iron (Tf-Fe) or iron-pyridoxal isonicotinoyl hydrazone (Fe- 
PIH)? reverses the Tf-Ga inhibition of hemoglobin produc- 
tion, indicating that the anemia seen in patients during 
gallium nitrate treatment is due specifically to inhibition of 
iron incorporation into developing erythroid precursors. 


MATERIALS AND METHODS 


Human transferrin, ferric chloride, ferric citrate, pyridoxal hydro- 
chloride, isonicotinic acid hydrazide, benzidine dihydrochloride, 
Triton X-100, and DMSO were purchased from Sigma Chemical 
(St Louis). Gallium nitrate was obtained from Alfa Products 
(Danvers, MA), and cytosine arabinoside (Ara-C) was obtained 
from Upjohn (Kalamazoo, MI). '*I-sodium iodide and “FeCl, were 
obtained from New England Nuclear (Boston) and Amersham 
(Arlington Heights, IL), respectively. Saturation of apotransferrin 
with “Fe and iodination of ~Fe-transferrin were performed as 
previously described." 

Tf-Fe and Tf-Ga were prepared by using modifications of previ- 
ously described methods.'? To ensure saturation of transferrin, 3 mol 
of metal (as ferric chloride or gallium nitrate) was added to each mol 
of apotransferrin (apoTf) dissolved in 20 mmol/L of acetic acid and 
150 mmol/L of NaCl pH 3.5. The pH of this solution was slowly 
raised to 7.4 with | mol/L of NaHCo,, and the saturation of 
transferrin by gallium or iron was confirmed spectrophotometrically 
by measuring the change in absorbance at 242 nm for Tf-Ga’ and 
465 nm for Tf-Fe.’? Stock solutions (10 mg protein/mL) of the two 
transferrin forms were thus prepared and used for subsequent 
experiments. 

PIH and ferric-PIH (Fe-PIH) were prepared according to the 
method of Ponka and co-workers.'* Equimolar solutions of isonico- 
tinic acid hydrazide and pyridoxal HC? in sodium acetate buffer 
were heated in a boiling water bath for five minutes, and the PIH 
precipitate that formed on cooling was washed, filtered, and dried. 
Fe-PIH was prepared by combining PIH with a solution of ferric 
citrate in a ratio of 2 moles of PIH:1 mole Fe’*, The yellow PIH 
precipitate immediately turned red-brown when mixed with ferric 
citrate. The insoluble Fe-PIH complex was thoroughly washed, 
filtered, anc dried. Fe-PIH, thus prepared, was dissolved by resus- 
pending it in 150 mmol/L of NaCl, 10 mmol/L of KPO4 pH 7.4 
buffer, and by lowering the pH with a small amount of 0.15 mol/L of 
HCI. A 1-mmol/L stock solution of Fe-PIH was prepared so that the 
addition of Fe-PIH to the media to achieve final concentrations of 5 
to 100 zmol/L did not alter the pH of the tissue culture media. 

Tissue culture. Friend erythroleukemia cells generously pro- 
vided by Drs Asterios Tsiftsoglou and Stephen Robinson were 
maintained in RPMI 1640 media containing 10% fetal calf serum 
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(FCS) with 200 u/mL of penicillin and 0.2 mg/mL of streptomycin 
(regular media). The original cells were further subcloned to yield a 
clone in which 80% to 90% of the cells demonstrated hemoglobin 
production after three days of exposure to 2% DMSO. The percent- 
age of hemoglobin-producing cells was determined by benzidine 
staining, and the amount of hemoglobin produced was measured 
according to the method of Tsiftsogiou and colleagues'* using bovine 
hemoglobin as a standard. In experiments examining hemoglobin 
production, cells were plated at 1 x 10° cells/mL in regular media or 
media containing 2% DMSO with various concentrations of apo- 
transferrin, Tf-Fe, Tf-Ga, or Ara-C. Aliquots of cells were harvested 
at different times following initial plating, and the effects of the 
different media additives on hemoglobin production were deter- 
mined. In coincubation studies of hemoglobin production, cells 
plated in media containing 2% DMSO and Tf-Ga were also exposed 
to various concentrations of Tf-Fe (100 to 400 ug/mL) or Fe-PIH. 
In other experiments, cells were removed from media containing 
Tf-Ga after 24, 48, or 72 hours and were washed and resuspended at 
their original density in fresh media containing 2% DMSO without 
Tf-Ga. In converse experiments, Tf-Ga was added to the media after 
celis had been exposed to 2% DMSO for 24, 48, or 72 hours, and 
hemoglobin production was assessed by benzidine staining. 

Cellular uptake of ”Fe. °*Fe-Tf (2.5 ng Fe/mL) was added to 
cells plated at time O hour in media containing 2% DMSO plus 100, 
200, or 400 ug /mL of apoTf or Tf-Ga. Following an incubation of 24 
or 72 hours, cells were harvested, counted, and washed by centrifu- 
gation. The cell pellets were counted for radioactivity, and the 
uptake of *Fe/10° cells was determined. 

intracellular distribution of “Fe following induction of hemo- 
globin production. Following 66 hours of cell growth in regular 
media or in media containing 2% DMSO with or without Tf-Ga, 
aliquots containing similar numbers of cells were harvested, washed 
with cold serum-free media and resuspended in 10 mL of serum-free 
media in T25-cm* tissue culture flasks (3 x 10° cells/mL per flask). 
*Fe-Tf (3.6 ng Fe/mL) was added to each flask, and the cells were 
incubated at 37°C for six hours. Following this, the cells were 
harvested, washed with 10 mmol/L of Tris and 150 mmol/L of 
NaCl pH 7.4, and finally were resuspended in 1 mL of the same 
buffer containing 0.1% Triton X-100. The cells were disrupted by 
sonication and incubated overnight at 4°C. Cellular debris was 
removed by centrifugation at 10,000 g, and the cytoplasmic superna- 
tant (containing 85% of the total Fe radioactivity) was applied to a 
Sephadex G150 1.5 x 30-cm column equilibrated with the same 
buffer; 2-mL fractions were collected and counted for radioactivity. 

‘1-1 binding studies. Aliquots of cells growing in regular 
media, 2% DMSO media alone, or 2% DMSO media containing 200 
or 400 ug /mL of Tf-Ga were harvested at 24, 48, 72, and 96 hours 
following initial plating. The cells were washed twice in 10 mmol/L 
of KPO,, 150 mmol/L of NaCl pH 7.4 buffer containing 0.1% 
phosphate-buffered saline-bovine serum albumin (PBS-BSA), and 
the cell pellets were resuspended in 15 mL of PBS-BSA and 
incubated at 37 °C for 30 minutes. This 37 °C “preincubation” step 
was performed to deplete the cells of any receptor-bound transferrin 
and to make available all transferrin binding sites for the '*I-Tf 
binding assay. Using immunoassays for transferrin described else- 
where,” we have found that >95% of bound transferrin is removed 
with this preincubation step. Cells were then cooled to 4 °C, washed 
with ice-cold PBS-BSA, and resuspended in 2 to 3 mL of the same 
buffer. '*I-Tf binding to intact cells was performed at 4°C as 
previously described,'’? and maximal transferrin binding was calcu- 
lated according to the method of Scatchard."* 


RESULTS 


Cell growth-and cellular hemoglobin production. The 
addition of Tf-Ga at concentrations of 200 and 400 ug/mL to 
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cells plated in media containing 2% DMSO resulted in a 
slight to moderate dose-dependent decrease in the rate of 
proliferation (Fig 1). Cells exposed to 400 pg/mL of Tf-Ga 
reached a maximum density after 72 hours of incubation, 
with a subsequent small decrease in number by 96 hours. 
Cells exposed to 200 ng/mL of Tf-Ga continued to increase 
in number, reaching a maximum density by 96 hours (Fig 
1). 

Cells exposed to 2% DMSO rapidly synthesized hemoglo- 
bin, as assessed by benzidine staining for hemoglobin- 
producing cells as well as by measurements of cellular 
hemoglobin content. In this particular subclone of Friend 
erythroleukemia cells, maximum benzidine positivity 
occurred after 72 hours of exposure to 2% DMSO, with no 
further increase in benzidine-positive cells at 96 hours (Fig 
2). The addition of 100 to 500 ug /mL of Tf-Fe or apoTf or 
100 ug/mL of Tf-Ga did not alter the percentage of hemo- 
globin-producing cells. With the addition of Tf-Ga (200 and 
400 ng/mL) to the media, however, a significant decrease in 
hemoglobin-producing cells occurred (Fig 2). Like the con- 
trol cells, cells exposed to Tf-Ga also achieved their maxi- 
mum number of hemoglobin-positive cells by 72 hours, with 
a slight decrease in benzidine positivity thereafter. The 
hemoglobin content at 72 hours was 17.18 + 2.15 pg/10 
cells for control cells, whereas the hemoglobin content of 
cells exposed to 200 and 400 ug/mL of Tf-Ga was 3.94 + 
0.94 uwg/10’ cells and 1.1 + 0.27 ug/10’ cells, respectively 
(mean + SD of three experiments). Decreases in cellular 
hemoglobin production by Tf-Ga could also be demonstrated 
by studying the relative incorporation of Fe into ferritin and 
hemoglobin during hemoglobin synthesis. Separation of sub- 
cellular components by Sephadex column chromatography 
revealed that ~75% of the intracellular "Fe was associated 
with hemoglobin in the control cells. In contrast, Tf-Ga-- 
treated cells contained a much smaller amount of Fe in the 
hemoglobin fraction, consistent with the decrease in hemo- 
globin production by these cells. Because maximum benzi- 
dine positivity was reached after 72 hours of incubation and 
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Fig 1. Effect of transferrin-gallium (Tf-Ga) on proliferation of 
Friend erythroleukemia celis. Friend erythroleukemia cells were 
plated at 1 x 10° cells/mL in media containing 2% dimethyisulfox- 
ide (DMSO) plus different transferrin-forms. No additives, 100 
ug/mL of Tf-Ga or 100 to 500 ug/mL of apotransferrin fapoTf} or 
transferrin-iron (Tf-Fe) (@——-@): Tf-Ga 200 ug/ml. (a-—A); Tf-Ga 
400 ug/ml (—48). 
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Fig 2. Effect of transferrin-gallium (Tf-Ga) on hemoglobin 
production by Friend erythroleukemia cells. Cells were plated in 
media containing 2% dimethylsulfoxide (DMSO) plus different 
transferrin forms and scored for benzidine positivity on days 1 
through 4. No additives, 100 ug/mL of Tf-Ga or 100 to 500 ng/mL 
of apotransferrin (apoTf) or transferrin-iron (Tf-Fe) (@-———@); Tf-Ga 
200 ug/ml (a-—~aA): Tf-Ga 400 ug/ml (M—-W). Values represent 
the mean of three experiments + SD. 


further incubation led to a progressive decrease in cell 
viability, subsequent studies were done during the first 72 
hours of cell growth. 

To determine whether the decrease in hemoglobin produc- 
tion that occurred in cells exposed to Tf-Ga was the result of 
a decrease in proliferation per se, we incubated cells in 2% 
DMSO media containing concentrations of Ara-C that 
retarded cell growth and examined the effect on hemoglobin 
production. Ara-C has been reported to be a weak inducer of 
hemoglobin synthesis in some clones of Friend erythroleu- 
kemia cells; therefore, prior to using Ara-C to retard cell 
growth, we determined that this drug alone did not induce 
hemoglobin production (data not shown). As shown in Table 
1, despite a decrease in cell growth to as low as 22% of 


Table 1. Dissociation Between Hemoglobin Production and 
inhibition of Cellular Proliferation 








Media Additive Celi Count (%} Benzidine- 
{2% DMSO +) (% of Control) Positive Celis* 
Control 100 85 + 3.0 
Ara-C 
001 ug/ml 55 84 + 3.0 
.0075 ug/mb 45 77 + 1.6 
01 pg/mL 22 76 + 3.3 
Tf-Ga 
100 pg/mL 100 85 + 3.0 
200 pg/mL 90 56 + 3.2 
400 ug/mL 68 19 +3.8 
Ara-C .0075 g/mL + 
Tf-Fe 100 pg/mL 45 76 + 2.5 
Ara-C .0075 ug/ml. + 
Tf-Ga 100 g/mL 45 39 + 2.6 





DMSO, dimethylsulfoxide: Ara-C, cytosine arabinoside; Tf-Ga, trans- 
ferrin-galliurn; Tf-Fe, transferrin-iron. 

Cell counts and benzidine staining were performed in triplicate after 72 
hours of incubation. 

*Mean + SD of three experiments. 
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control, cells exposed to Ara-C demonstrated benzidine 
positivity nearly equivalent to control. In contrast, decreases 
in cell growth to only 90% and 68% of control by Tf-Ga led to 
marked decreases in hemoglobin production. Furthermore, 
as shown .n Table 1, when cell growth was controlled with 
Ara-C the addition of 100 ng/mL of Tf-Ga (a concentration 
that normally did not inhibit hemoglobin production) led toa 
marked decrease in hemoglobin production without a further 
decrease in cell growth. These studies suggest that the effects 
of Tf-Ga on cell growth and hemoglobin production are 
independent of each other and that the decrease in hemoglo- 
bin production following exposure of cells to higher concen- 
trations of Tf-Ga is not directly due to decreases in the rate of 
cellular proliferation. 

Maximem inhibition of hemoglobin production occurred 
when Tf-Ga was added at the time of initial plating, and the 
addition of Tf-Ga after cells had been growing in 2% DMSO 
media for 24 or 48 hours also significantly blocked further 
hemoglobin production. The addition of 400 ug/mL of 
Tf-Ga after 48 hours when >50% of the cells were benzidine 
positive actually resulted in a progressive decrease in the 
proportion of benzidine-positive cells over the subsequent 48 
hours (Fig 3A). The removal of Tf-Ga from the media 
allowed cells to resume hemoglobin production, with the 
degree of recovery dependent on the time of Tf-Ga removal. 
Removal of Tf-Ga after the first 24 hours of incubation 
resulted in hemoglobin production equal to control cells, 
whereas removal of Tf-Ga after 48 or 72 hours led to lesser 
increases in hemoglobin-producing cells (Fig 3B). Cell 
growth and hemoglobin production beyond 96 hours could 
not be reliably assessed because of marked decreases in cell 
viability in all groups. These studies indicate that the inhibi- 
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Fig 3. Hemoglobin production following addition of trans- 
ferrin-gallium (Tf-Ga) to media (A) or removal of Tf-Ga from media 
{B} at different times. A: Friend erythroleukemia celis were 
plated in media containing 2% dimethytsulfoxide (DMSO); 400 
ug/ml of Tf-Ga was added after 24 or 48 hours of incubation 
(arrows). Hemoglobin production is shown (benzidine positivity) 


with Tf-Ga added at 24 hours (@-—-@) and 48 hours (4-——A) or 


with control {no Tf-Ga) (E-W). A representative experiment is 
shown. B: Friend erythroleukemia cells were plated in media 
containing 2% DMSO plus 400 ug/ mL of Tf-Ga. Aliquots of cells 
were removad at 24, 48, or 72 hours (arrows), washed free of 
Tf-Ga, and resuspended in fresh 2% DMSO media without Tf-Ga. 
Benzidine positivity was determined on days 1 through 4 following 
removal of Tf-Ga at 24 hours (4——A). 48 hours (E-W), and 72 
hours (——xX)}, or with control (Tf-Ga 400 pg/mL) (@—@). A 
representative experiment is shown. 
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tion of hemoglobin production by Tf-Ga is reversible and is 
dependent on the continuous presence of Tf-Ga in the 
media. 

Cellular uptake of Fe. Because normal hemoglobin 
production requires the presence of an adequate supply of 
iron to the erythron, we examined whether Tf-Ga might be 
inhibiting hemoglobin production by interfering with cellular 
iron utilization. *Fe uptake was determined over a 24- and 
72-hour incubation period, times at which hemoglobin pro- 
duction was zero and maximum in the control cells. “Fe 
uptake by Tf-Ga-treated cells was compared with "Fe 
uptake by cells exposed to corresponding concentrations of 
apoTf. Although apoTf was used as a control in these 
experiments, it was undoubtedly converted to Fe-Tf by iron 
present in the media; hence, Fe uptake by the control cells 
actually represents Fe uptake in the presence of Fe-Tf. As 
shown in Table 2, radioiron incorporation into the Tf- 
Ga-treated cells was decreased by 57%, 58%, and 65% at 24 
hours and 41%, 45%, and 57% at 72 hours for Tf-Ga 
concentrations of 100, 200, and 400 ug/mL, respectively. 

It thus appears that following exposure of cells to Tf-Ga a 
decrease in cellular “Fe incorporation occurs as an early 
event before hemoglobin production is detectable. In addi- 
tion, a decrease in cellular iron incorporation is also seen with 
lower concentrations of Tf-Ga (100 ug/mL) that do not 
significantly decrease hemoglobin production. These results 
suggest that the progressive inhibition of hemoglobin produc- 
tion seen with higher doses of Tf-Ga results from decreased 
availability of iron to the cells. 

Coincubation studies. Because Tf-Ga appeared to 
decrease the cellular uptake of trace amounts of Fe, we 
examined whether the addition of exogenous Tf-Fe to the 2% 
DMSO-Tf-Ga media could reverse the inhibitory effects of 
Tf-Ga on cellular hemoglobin production. As shown in Figs 
4A and B, the number of hemoglobin-producing cells 
increased to equal control values following the addition of 
Tf-Fe in concentrations equivalent to the Tf-Ga present in 
the media. We also noted that restoration of hemoglobin 
production occurred only with Tf-Fe and not with apoTf, 
indicating that the Tf-Ga effect resulted from specific inter- 
ference with cellular iron utilization. 

Recent studies using reticulocytes have demonstrated that 
Fe-PIH can provide iron for heme synthesis without using 
transferrin—transferrin receptor as a mediator.’ Therefore, 
in an attempt to exclude Tf-Fe and Tf-Ga interactions at the 


Table 2. Cellular Uptake of “Fe in the Presence 
of apoTf or Tf-Ga 








5S € 

Media Additive* Fe Uptake pg/ 10° Celist 

(ug/ml) 24 hours 72 hours 
ApoTf (100) 399 + 2.5 277 + 12.2 
Tf-Ga (100) 172 + 5.6 164 + 8.6 
ApoTt (200) 325 + 11.6 227 + 29.2 
Tf-Ga (200) 137 + 9.9 126 + 13.4 
ApoTf (400) 306 + 31.7 207 + 15.0 
Tf-Ga (400) 107 + 4.7 $0 + 10.3 





ApoTf, apotransferrin: other abbreviations as in Table 1. 
*Media also contained 2% DMSO. 
Data represent the mean + SD of 3 to 6 experiments. 
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Fig 4. Effect of transferrin-iron (Tf-Fe) or iron-pyridoxal iso- 


nicotinoyl hydrazone (Fe-PiH} on inhibition of hemoglobin produe- 
tion by transferrin-gailium (Tf-Ga}. Cells were plated in media 
containing 2% dimethylsulfoxide (DMSO) plus the different addi- 
tives, and benzidine positivity was determined after 72 hours of 
culture. (A) Tf-Fe 100 or 200 ug/ mL was added to media contain- 
ing 200 ug/mL of Tf-Ga. (B) Tf-Fe 300 or 400 ug/ml was added to 
media containing 400 ug/ mL of Tf-Ga. (C) Fe-PIH 10 or 30 wmol/L 
was added to media containing 400 ug/ml of Tf-Ga. Bars repre- 
sent the mean of 3 to 6 experiments + SD. 


cell surface transferrin receptor level, we examined whether 
iron provided by Fe-PIH could overcome the inhibitory 
effect of Tf-Ga on cellular hemoglobin production. As shown 
in Fig 4C, the addition of 30 pmol/L of Fe-PIH resulted in 
the return of hemoglobin-producing cells to control levels. 
The amount of Fe required to return hemoglobin production 
to normal was higher when Fe was provided as Fe-PTH (30 
umol/L) than when Fe was provided as Tf-Fe (400 g/mL of 
Tf-Fe = 10 umol/L Fe). This most likely reflects differences 
in the ability of the two Fe forms (Tf-Fe or Fe-PIH) to 
provide iron to the cells. 

Transferrin receptor expression. ‘'*\-Transferrin bind- 
ing studies were performed on cells after growth for different 
lengths of time in regular media, 2% DMSO media alone, or 
with Tf-Ga in concentrations of 200 and 400 ug/mL. Figure 
5 shows that uninduced cells in regular media reached a 
plateau in transferrin receptor expression between 24 and 48 
hours, followed by a progressive decrease in transferrin 
receptor expression. Induced cells (2% DMSO) displayed a 
progressive increase in transferrin receptor expression corre- 
sponding to their increase in hemoglobin production. In 
contrast, exposure of cells to 2% DMSO plus Tf-Ga led to 
even greater increases in transferrin receptor expression after 
24, 48, and 72 hours of incubation, despite significant 
decreases in hemoglobin production. 


DISCUSSION 


We demonstrated that Tf-Ga is able to inhibit hemoglobin 
production in Friend erythroleukemia cells by specifically 
interfering with the cellular incorporation of iron. Our in 
vitro studies suggest that such a mechanism is involved in 
vivo during gallium nitrate therapy and that decreased iron 
incorporation into maturing erythroid precursors leads to the 
development of a microcytic hypochromic anemia character- 
istic of iron-deficient erythropoiesis. In preliminary studies, 
we noted that hemoglobin production by Friend erythroleu- 
kemia cells could be inhibited by the addition of gallium 
nitrate to tissue culture media. Under these conditions, 
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Fig 5. Measurement of cellular ‘*I-Tf binding sites following 
cell growth in regular media, 2% dimethylsulfoxide (DMSO) media 
or 2% DMSO media plus transferrin-gallium (Tf-Ga). Friend ery- 
throleukemia cells were plated at 1 x 10°/mlL in the different 
media; after 24, 48, 72, or 96 hours, cells were harvested, 
receptor-bound transferrin was eluted, and assays for Tf binding 
were performed. Maximal Tf binding was determined. All points 
represent the mean of duplicate determinations in two separate 
experiments. 


gallium rapidly binds to bovine transferrin present in the 
media to form Tf-Ga. A similar sequence of events most 
likely occurs in vivo: ie, gallium binds to transferrin, and the 
Tf-Ga complex is then able to inhibit iron uptake by 
erythroid precursors significantly. In vivo, normally only 
one-third of plasma transferrin is iron saturated; therefore, 
the remainder is free to bind gallium avidly. With the 
formation of increasing concentrations of Tf-Ga, iron uptake 
by the erythron is impaired, and significant anemia can 
develop. 

To control the experimental conditions and the concentra- 
tion of Tf-Ga in the media better, we prepared Tf-Ga and 
examined its effect on hemoglobin production, cellular incor- 
poration of Fe, and expression of transferrin receptors. We 
noted that Tf-Ga markedly inhibited hemoglobin produc- 
tion. This inhibition of hemoglobin production was indepen- 
dent of the mild-to-moderate decrease in cell growth seen 
following exposure of cells to Tf-Ga, since a decrease in 
hemoglobin production was not seen when cellular prolifera- 
tion was markedly inhibited by Ara-C. In addition, when cell 
growth was controlled with Ara-C and the effects of Tf-Ga 
and Tf-Fe were compared, low concentrations of Tf-Ga 
inhibited hemoglobin synthesis without decreasing cellular 
proliferation. Furthermore, removal of Tf-Ga from the 
media led to a rapid increase in cellular hemoglobin produc- 
tion, indicating that a reversible noncytotoxic mechanism 
was involved. 

Our *Fe uptake, coincubation, and transferrin receptor 
expression studies demonstrate that Tf-Ga inhibits cellular 
hemoglobin production by interfering with cellular iron 
incorporation. Decreases in cellular “Fe uptake were seen 
with concentrations of Tf-Ga that inhibited hemoglobin 
production and also with concentrations of Tf-Ga that did 
not affect hemoglobin production. These results suggest that 
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a decrease in cellular iron uptake is one of the first events to 
occur after exposure to Tf-Ga. Higher concentrations of 
Tf-Ga further inhibit cellular iron uptake, resulting in 
decreased hemoglobin production. The coincubation studies 
confirm that a decrease in cellular iron incorporation is 
responsible for the decreased hemoglobin production, since 
the addition of Tf-Fe or Fe-PIH to the media reversed Tf-Ga 
inhibition of hemoglobin production. Recent studies have 
demonstrated that Fe-PIH can deliver iron to reticulocytes 
for heme synthesis even after cell surface transferrin recep- 
tors have teen removed by pronase treatment.’ Hence, the 
restoration of hemoglobin production by Tf-Fe or Fe-PIH in 
cells exposed to Tf-Ga appears to be the result of delivery of 
iron to the zell interior, and not to the cell surface alone. 

The marked up-regulation of transferrin receptor density 
seen on Tf-Ga-treated cells is compatible with decreased 
iron incorporation into these cells. Whereas the progressive 
increase in transferrin receptor expression on induced cells 
corresponds with increased iron requirements for hemoglo- 
bin synthesis, transferrin receptor up-regulation on cells 
exposed tc Tf-Ga reflects an attempt by these cells to 
overcome the block in iron incorporation. Indeed, cells that 
incorporated the least amount of *Fe and thus produced the 
least amount of hemoglobin following exposure to Tf-Ga 
were the cnes that displayed the highest density of trans- 
ferrin receptors. This increase in transferrin receptor expres- 
sion in resdonse to decreased iron availability is consistent 
with other studies of transferrin receptor regulation in which 
an up-regulation of the transferrin receptor is seen following 
exposure cf cells to various iron chelators that limit iron 
availability.” 

The mechanism whereby Tf-Ga inhibits cellular iron 
incorporation is currently being investigated. Our studies 
with huma3 promyelocytic leukemic HL60 cells suggest that 
Tf-Ga-treated cells tend to release iron into the media after 
the initial binding and internalization steps,” and that Tf-Ga 
inhibition of cellular iron uptake is not due merely to 
competitive binding of Tf-Ga to cell surface transferrin 
receptors. 

Gallium appears to be a unique chemotherapeutic agent 
that binds to transferrin; this may result in “targeting” to 
certain tumors such as lymphomas, which express transferrin 
receptors in vivo” and are responsive to treatment with 
gallium nitrate.’ Blockade of the transferrin receptor by an 
anti-transf2rrin receptor monoclona! antibody has been dem- 
onstrated :o inhibit tumor cell growth in a nude mouse 
model.” S milar targeting of the Tf-Ga complex to erythroid 
precursors would lead to inhibition of iron incorporation into 
these cells and the development of a microcytic hypochromic 
anemia. Because the cytotoxicity of gallium appears to be 
due, at least in part, to inhibition of cellular iron incorpora- 
tion, this interaction between iron and gallium should be kept 
in mind during current trials with gallium nitrate. It remains 
to be determined whether gallium can influence other intra- 
cellular iron-dependent processes. Tf-Ga may provide an 
interesting tool for examining the shunting of iron from 
heme, ferr-tin, or other intracellular compartments. Studies 
of the intracellular interaction between iron and gallium 
might “unmask” steps at which iron is required for cellular 
proliferation. 
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Characterization of the Inhibition of Tissue Factor in Serum 


By George J. Broze, Jr and Joseph P. Miletich 


Tissue factor (TF) is a lipoprotein cofactor that markedly 
enhances the proteolytic activation of factors IX and X by 
factor Vila. The functional activity of TF is inhibited by 
serum in a time- and temperature-dependent fashion. The 
inhibitory effect is also dependent on the presence of 
calcium ions and can be reversed by calcium chelation 
(EDTA) and dilution, thus excluding direct proteolytic 
destruction of TF as the mechanism for inhibition. Using 
crude TF, serum immunodepleted of factor VII, and serum 
depleted of the vitamin K-dependent coagulation factors by 
BaSO, absorption, it is shown that TF factor inhibition 
requires the presence of Villa), X{a), and an additional 
moiety contained in barium-absorbed serum. When each of 
the other required components were at saturating concen- 
trations, half-maximal inhibition of TF occurred in reaction 


ISSUE FACTOR (TF) is a lipoprotein cofactor that 
triggers blood coagulation by markedly enhancing the 
catalytic activity of factor Vla toward its substrates, factor 
X and factor [X.'? When plasma is induced to clot by the 
addition of small amounts of TF, the presence of factors VIII 
and IX appear to be required for optimum coagulation.*“ 
The studies of Marlar and colleagues have shown that, under 
these circumstances (small quaniities of TF), only a limited 
amount of activation of factor X to Xa occurs in the absence 
of factor VIII or [X.° Although not mentioned by these 
authors, this implies the generation of an inhibitor in plasma 
that affects the activities of VII(a), TF, or the VII(a)—TF 
complex. Later, the same phenomena was demonstrated by 
Morrison and Jesty and shown to be related to the inclusion 
of factor X(a) in the reaction mixtures.° Very recently, 
Sanders and co-workers confirmed the requirement for fac- 
tor X(a) and found that an additional moiety in barium- 
absorbed plasma was also required for the generation of this 
inhibitory effect.’ 

These recent articles have rediscovered a phenomenon 
that had previously been studied extensively by several 
investigators.” Using a specific two-stage TF assay, we 
show that the inhibitor most likely recognizes the TF- 
Ca’**—VII(a) complex, appears to require the presence of 
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mixtures containing 2% (vol/vol) of TF at a factor Vika) 
concentration of 4 ng/mL (80 pmol/L), a factor X concen- 
tration of 50 ng/mL (850 pmol/L), and a concentration of 
barium-absorbed serum of 2.5% (vol/vol). Catalytically 
active factor Xa appeared to be required for the generation 
of optimal TF inhibition. The results are consistent with the 
conclusions of Hjort that barium-absorbed serum contains 
a moiety that inhibits the Vila~Ca**-TF complex. The role 
of factor X(a) in the generation of the inhibitory phenome- 
non remains to be elucidated. The inhibitor present in 
serum (plasma) may in part be produced by the liver in vivo 
since cultured human hepatoma ceils (HepG2) secrete this 
inhibitory activity in vitro. 

o 1987 by Grune & Stratton, Inc. 


catalytically active X(a), and is reversible, thus excluding a 
direct proteolytic effect on tissue factor. 


MATERIALS AND METHODS 


Materials 


Affigel 10 was purchased from Bio Rad Laboratories (Richmond, 
CA) and bovine serum albumin (BSA). Trizma base, acrylamide, 
bisacrylamide, kaolin, rabbit brain cephalin, and RVV/cephalin, 
were bought from Sigma Chemical! (St Louis). Sodium '*I-iodide, 
carrier-free, was purchased from New England Nuclear (Boston) 
and lodo-gen was obtained from Pierce Chemical (Rockford, IL). 
Diisofluorophosphate (DFP) was a product of Aldrich Chemical! 
(Milwaukee). All other chemicals were reagent grade or better and 
came from Sigma or from Fisher Scientific (Pittsburgh). HepG2 
cells were obtained from the American Type Culture Collection 
(Rockville, MD). 

Serum. Blood-serum was produced by incubating blood drawn 
in the absence of anticoagulants in glass tubes for 2 hours at 37°C. 
The clot was then gently rimmed, and supernatant serum was 
obtained following centrifugation (4,000 g for 10 minutes}, Plasma- 
serum was produced from pooled normal plasma (George King 
Biomedical, Overland Park, KS) by adding to the citrated plasma 
1/10 vol of kaolin 4 g/dL in normal saline, 1/100 vol of stock rabbit 
brain cephalin (prepared according to the manufacturer), and 1/100 
vol 2.5 mol/L of CaCt,. After mixing, the plasma was allowed to clot 
for 2 hours at 37°C and was then centrifuged (4,000 g for 10 
minutes). The supernatant serums were decanted, dialyzed at 4 °C 
against 100 vol of 0.1 mol/L of NaCl, 0.05 mol/L of Tris-HCl, and 
0.1% NaN,, pH 7.5 (TS) with two changes, and stored at 4 °C. Due 
to the dilutions associated with its preparation, we estimate that the 
final plasma-serum reagent had a serum concentration that was 74% | 
that of blood-serum. 

For BaSC, absorption, serum was dialyzed against TS with 0.01 
mol/L of sodium oxalate. BaSO, (100 mg/mL) was then added to 
the serum; after mixing for 30 minutes at room temperature, the 
BaSO, was removed by centrifugation and the absorbed serum was 
once again dialyzed into TS buffer. This BaSO,-absorbed serum 
contained <1% factor X and 1% factor VH activity of the starting 
serum, 

Factor Vil-depleted serum was produced by passing normal 
human serum through a column of mouse monoclonal anti-factor 
VII IgG linked to affigel 10 (MC 1476) as previously described.” 
Under these conditions, the factor VII-depleted serum contained 
~0.9% of the factor VH activity of the starting serum. 
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Proteins 


X coagulant protein (XCP) from Russell’s viper venom (RVV), 
factor VII, and factor X were purified as previously described. t 
Factor Vila was purified from Cohn HHI paste. Extraction of the 
Cohn IH paste, polyethylene glycol precipitation, and barium citrate 
precipitation were performed as described by Fenton and co- 
workers.” The factor VII(a) was then isolated from the barium 
citrate pellet by ammonium sulfate elution and fractionation, mono- 
clonal immunoaffinity chromatography, and ACA 44 gel filtration 
as previously described.” The final preparation contained 35% 
single-chain factor VH and 65% two-chain factor Vila as deter- 
mined by densitometry of the Coomassie brilliant blue R-stained 
protein following sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE) under reducing conditions. It had a specific 
factor VU activity of 50 U/ug. For the purposes of the experiments 
reported here, this preparation is called Vla. 

Factor Xa was produced by incubation of purified factor X with 
insolubilized XCP as previously described.” DFP-treated (DIP)- 
factor Xa was made by incubating factor Xa with 5 mmol/L of DFP 
for 48 hours at 4°C. Under these conditions, DIP-factor Xa 
possessed <] % the specific activity of the starting factor Xa, but still 
possessed 3% (wt/wt) factor X when “total” factor X activity 
(described below) was determined. This implied that the activation 
of factor X by the insolubilized XCP was incomplete (97%) and, 
indeed, SDS-PAGE of 25 yg of this Xa preparation showed that it 
contained a trace amount of unactivated factor X. 

Crude TF was prepared as previously described, and EDTA-TF 
was produced by extensive washing of the crude preparation with TS 
containing 5 mmol/L of EDTA using ultracentrifugation (105,000 g 
for 1 hour) and final resuspension of the pellet containing the TF 
activity in TS.” In a single-stage assay using normal human plasma 
(100 uL), diluted EDTA-TF (100 uL), and CaCl, 25 mmol/L (100 
HL} a dilution of 1:1600 of this crude TF preparation gave a clotting 
time of 32 seconds. 

Functional assays. Factor VII and factor Xa assays were per- 
formed as previously described.” Total factor X activity was deter- 
mined by incubating RVV/cephalin reagent (60 uL), the sample in 
TS with 1 mg/mL of BSA (TBSA) (60 uL), and CaCl, 25 mmol/L 
(60 uL) at 37°C. After 3 minutes, factor X-deficient plasma was 
added, and the time to clot formation was determined using a 
fibrometer (BBL, Cockeysville, MD). 

A three-stage assay was developed to assay for TF inhibition 
(TFI). In the first stage, serum (50% vol/vol), CaCl, (4 mmol/L), 
TBSA, or other additions (eg, VIa, X, or Xa), and EDTA-TF were 
incubated at room temperature unless otherwise noted. At specified 
times, 10-uL samples were diluted in TBSA with 5 mmol/L of CaCl, 
or TBSA with | mmol/L of EDTA and assayed for TF activity using 
a previously described two-stage assay system. ™ Fifty microliters of 
the diluted sample (final dilution in assay 500- to 50,000-fold), 50 
uL of factor Vila (1 ug/mL in TBSA), 50 uL of 25 mmol/L of 
CaCl,, and 50 uL of factor X (10 wg /mL in TBSA) were incubated 
at 37 °C. After 1 minute, 50 aL of a mixture containing ten parts of 
factor X-deficient plasma and one part of rabbit brain cephalin stock 
reagent (prepared as described by Sigma) was added, and the time 
to clot formation was determined with a fibrometer (BBL). For the 
purposes of comparing the effect of various additions in the first 
stage of the assay, 100% TF activity was defined as the activity 
present when only TF and TBSA comprised the first stage. 

SDS-PAGE was performed on 10% gels (ratio acrylamide:bis: 
37.5:1) by the method of Laemmli (4% stacking gel).*° Samples were 
boiled in the presence of 10% 2-mercaptoethanol prior to electropho- 
resis. 

Cell culture. HepG2 cells were cultured as previously 
described.” To assess the secretion of inhibitory activity, adherent 
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cells were washed twice with serum-free media and then incubated 
in serum-free media for 3 days. 


RESULTS 


When crude, EDTA-washed, TF (2% vol/vol) was incu- 
bated with serum derived from blood (50% vol/vol) in the 
presence of CaCl, there was a very rapid reduction in 
apparent TF activity as measured in the two-stage assay 
(described in the Materials and Methods section) following 
dilution of subsamples into a buffer containing 5 mmol/L 
CaCl,. Essentially no TF inhibition could be demonstrated, 
however, when subsamples of the same mixtures were diluted 
in a buffer containing EDTA (1 mmol/L) prior to functional 
assay, or if EDTA (5 mmol/L) was present in the reaction 
mixture from the onset of the incubation (Fig 1). The 
inhibition occurred at a much slower rate when the reaction 
mixture was incubated at 4°C v 20°C or 37°C (not 
shown). 

These results suggested that the inhibitory moiety present 
in serum might recognize the factor VII(a)-TF complex, 
which requires the presence of Ca’*, and disassociates fol- 
lowing chelation with EDTA.” The reversibility of TFI with 
calcium chelation also meant that the inhibition was not due 
to enzymatic destruction of TF itself. 





Effect of Vilfa} Concentrations on TF Inhibition 


To confirm that factor VII(a) was required for the genera- 
tion of this apparent TFI, an additional experiment was 
performed. Plasma-serum (50% vol/vol), depleted of factor 
VH(a) by affinity chromatography (residual VII activity 
0.9%), was tested for its ability to inhibit TF (2% vol/vol) in’ 
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Fig 1. Inhibition of tissue factor (TF) in serum. A mixture 
containing 50% (vol/vol) blood serum, 2% {vol/vol} TF and 4 
mmol/L of CaCl, was incubated at room temperature. Samples 
were removed at indicated times, diluted into buffer containing 5 
mmol/L of CaCl, and assayed for TF activity (@——@). At 30 
minutes, a sample was also diluted in buffer containing 1 mmol/L 
of EDTA, and the apparent TF activity determined at specific times 
following dilution {(O——O)}. The TF activity remaining in an identical 
reaction mixture containing 5 mmol/L of EDTA rather than 4 
mmol/L of CaCl, from the onset was also determined {dilutions 
into buffer containing CaCl,) (A-——A). 
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the presence of varying amounts of exogenous V Ha. Figure 2 
shows that with increasing concentrations of VIa, increasing 
TFI occurred. Furthermore, 50% inhibition of the TF 
occurred at concentrations of added Vila between 1.25 and 
2.5 ng/mL. Taking into account the residual VH(a) in the 
depleted serum (~4 ng/mL), which was 50% vol/vol of the 
sample, this corresponds to a total concentration of VII(a) in 
the incubation mixtures of 3.25 to 4.45 ng/mL. These VI (a) 
concentrations are remarkably similar to those required to 
half-saturate TF-binding sites on monocytes in a purified 
system.*! Direct comparison between the kinetic data derived 
from the purified system and the results in the complex 
mixtures containing serum and a crude brain homogenate as 
a source of TF used must, however, be made with caution. It 
is clear from Fig 2 that the TFI appears to reach a plateau by 
~30 minutes of incubation. 


Effect of X Concentrations on TFI 


To assess the requirement of factor X for TFI noted 
previously by Morrison and Jesty,° and Sanders and co- 
workers,’ plasma-serum was BaSO, absorbed. Reaction mix- 
tures containing BaSO,-absorbed plasma-serum (50% vol/ 
vol), added VIla (final concentration 100 ng/mL), and 
varying concentrations of X were incubated for 30 minutes, 
and the degree of TFI was determined. Figure 3 shows the 
relationship between TFI and concentrations of exogenous, 
added X in the reaction mixtures. By extrapolating the curve 
to O TFI, we estimate that the barium-absorbed serum 
contributed an additional 12.5 ng/mL of X to the reaction 
mixtures, which agrees well with the results of the functional 
assays of the serum before and after BaSO, absorption. The 
insert to Fig 3 shows the double-reciprocal plot of 1/TFI v 
| /total X (X remaining in the barium-absorbed serum plus 
exogenously added X). Fifty percent inhibition occurred at a 
total X concentration of 50 ng/mL in the reaction mixture. 


100 
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Fig 2. Effect of factor Vila on tissue factor (TF) inhibition. 
Mixtures containing 50% (vol/vol) plasma-serum immunodepleted 
of factor Villa), 2% (vol/vol) TF, 4 mmol/L of CaCl,, and various 
concentrations of exogenously added factor Vila were incubated 
at room temperature. Remaining TF activity was determined: no 
added factor Vila (@——¢); 1.25 ng/ml {0—9}; 2.5 ng/mL 
la——a); 5 ng/ml {A——~A); 10 ng/mL; (WW): 50 ng/mL 
{(O-—O); and 100 ng/ml (@-——@) of factor Vila. Plasma-serum 
prior to immunodepletion of factor VI {a} (D-0. 
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Fig 3. Effect of factor X on tissue factor inhibition (TF). 
Mixtures containing 50% (vol/vol) BaSO,-absorbed plasma-serum, 
2% {vol/vol} TF, 100 ng/ml of factor Vila, and various concentra- 
tions of exogenously added factor X were incubsted at room 
temperature for 30 minutes, and tha degree of TFI was deter- 
mined. inset: y axis, 1/ TFI; x axis, I/tetal factor X concentration in 
the reaction mixture. Total factor X is the sum of the amount of 
exogenous factor X added plus the estimated factor X remaining in 
the BaSO,-absorbed serum. 


Effect of Serum Concentrations on TFI 


To confirm that TFI in serum required not only VIa) 
and X(a) but an additional moiety present in barium- 
absorbed serum, the experiment depicted in Fig 4 was 
performed. The degree of TFI in mixtures containing Vila 
and X (100 ng/mL and 1 g/mL, respectively), 2% (vol/vol) 
TF, and varying concentrations of BaSO,-absorbed plasma- 
serum was determined. Under these conditions, 50% TFI 
occurred at a concentration of barium-absorbed serum of ` 
2.5% (vol/vol). 


Requirement for Catalytically Active Xa 


Reaction mixtures containing 2% (vol/vol) TF and 50% 
(vol/vol) plasma-serum were prepared containing X, Xa, or 
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Fig4. Effect of serum concentration on tissue factor inhibition 
(TFI). Mixtures (total volume 100 aL) containing 2% (vol/vol) 
tissue factor, 100 ng/mL of factor Vila, 1 ug/ml of factor X, 4 
mmol/L of CaCl,, and varying amounts of BaSO,-absorbed plasma- 
serum were incubated for 30 minutes at room temperature and 
the degree of TFI was determined. inset: y axis, 1/TFl x axis, 
i/serum (pL). 
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DIP-Xa (250 ng/mL) in the presence or absence of VIIa 
(100 ng/mL). The extent of TFI was determined following 
30 minutes of incubation and is presented in Table 1. It is 
evident that the addition of both VHa and X or Xa was 
required to generate optimum TFI, whereas Xa alone was 
insufficient (+ Vila v —VHa columns, Table 1). Further- 
more, in mixtures containing additional V Ha, DIP-factor Xa 
was less effective than X(a) (22.1% v 89.1% TFI) with the 
degree of TFI detected in the sample containing DIP-factor 
Xa probably related to contaminating factor X (3% wt/wt) 
in the preparation (19.2% TFI). 


Production of TF Inhibitory Activity by Human Hepatoma 
Cells 


It has been suggested that the inhibitor of the VII-TF 
complex may be a lipoprotein, and we noted that the 
serum inhibitory activity is found in the total lipoprotein 
fraction following centrifugation of serum at a density of 
1.21 g/ml (data not shown).”’ In view of this, it seemed likely 
that the liver might be a potential source of this inhibitory 
agent. Therefore, the serum-free conditioned media from 
human hepatoma cells (HepG2) cultured in vitro was tested 
for TF inhibitory activity in the three-stage assay described 
in the Materials and Methods section. The results (Fig 5) 
indeed showed substantial apparent inhibitory activity in the 
conditioned media that increased progressively over the time 
period examined. 


DISCUSSION 


The apparent inhibition of tissue thromboplastin (TF) by 
serum was studied extensively by early investigators.*~ 
Perhaps this effect was most dramatically demonstrated by 
experiments showing that prior incubation of tissue thrombo- 
plastin with serum prevented its mortal effect when infused 
into mice.’*'* Additional experiments demonstrated that the 
inhibition of thromboplastin was calcium dependent, revers- 
ible, and exhaustible.'*"'? These results were confirmed and 
extended in elegant studies performed by Hjort.” He con- 
cluded that barium-absorbed serum contained an inhibitor 
that recognized “convertin” [TF-Ca?*~VII(a)], but had no 
effect on “proconvertin” [VII(a)}] or thromboplastin (TF). 
Because Hjort’s proconvertin reagent also contained factor 
X(a), he was unable to discern the more recently described 
requirement of X(A) for the inhibition.®’ 


Table 1. Effect of X, Xa, and DIP-Xa on Tissue Factor Inhibition in 
BaSO,-Absorbed Plasma-Serum 


Tissue Factor Inhibition (%)* 


X Preparation Added +Vilat — Vita 
X (250 ng/mL) 89.0 19.6 
Xa {250 ng/mL) 89.1 22.5 
DIP-Xa (250 ng/mL} 22.1 19.6 
X (7.5 ng/mL} 19.2 19.6 
None 13.5 13.4 


DIP = Xa, diisofluorophosphate-treated factor Xa. 

*Results are the mean of duplicate experiments. 

+Exogenous Vil added to a final concentration of 100 ng/mL in 
incubation mixture. 

tFinal concentration of X preparation in incubation mixture. 
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Fig 5. Secretion of inhibitory activity by HepG2 cells in vitro. 
HepG2 cells were grown to confluence in media containing 10% 
fetal calf serum. The serum-containing media was then removed, 
and the ceils were washed twice with serum-free media before 
subsequent incubation in serum-free media. Samples of the 
serum-free—conditioned media were removed on day 1 {O----O}, 2 
{4——4), and 3 (A——Al, and tested for the ability to inhibit tissue 
factor (TF) in mixtures containing 50% {voi/vol) conditioned 
media, 2% (vol/vol) TF, 100 ng/mL of factor Vila, 1 pg/ml. of 
factor X, and 4 mmol/L of CaCl, incubated at room temperatura. 
Serum-free media control (@——~-®). 


Investigating the activation of *H-labeled X or IX in 
specifically depleted plasmas on the addition of TF, Morri- 
son and Jesty confirmed previous work by Marlar and 
co-workers showing that the extent of activation of X (and 
IX) was incomplete.*® The inclusion of X or Xa in their 
reaction mixtures appeared to be associated with the ulti- 
mate plateau in X and IX activation. They hypothesized that 
Xa might proteolytically destroy the VII(a) present since, in 
their hands, the addition of further TF did not cause further 
activation of X. Sanders and colleagues, who also studied the 
activation of X and IX in plasma using the release of °H 
activation peptides, found that the addition of further TF toa 
reaction mixture in which factor X activation had plateaued 
produced further factor X activation, implying that the 
apparent inhibition of factor X activation was not due to 
proteolytic destruction of all the VII(a) in plasma.’ They 
suggested instead, that the inhibitory effect was related to 
the destruction of TF. 

Our results, however, in agreement with those of Hjort, 
suggest that the inhibitory factor present in barium-absorbed 
serum reacts with the factor VII(a)-Ca?*~TF complex and 
does not destroy TF per se since TF functional activity can be 
recovered following chelation of Ca?* and dilution.*' Rao and 
colleagues, using different methods, recently reached a simi- 
lar conclusion.” Furthermore, our studies make it unlikely 
that the inhibition of factor X activation by VIla~TF is due 
to proteolytic destruction of VIla since it persisted following 
dilution and the addition of more Vlla (steps used to 


154 


measure TF activity here). In another experiment (not 
shown), '**I-radiolabeled VII (4 ng/mL) was incubated with 
50% (vol/vol) immunodepleted factor VIl-deficient plasma- 
serum, and 20% (vol/vol) TF. Samples were removed follow- 
ing incubation of the mixture at room temperature, subjected 
to SDS-PAGE under reducing conditions, and autoradio- 
graphed. Under these conditions, cleavage of '°I-VII to 
two-chain factor VIla was observed, but no additional prote- 
olysis of VIF could be detected. 

To produce optimal TF inhibition in BaSO,-absorbed 
serum, both Vila and X(a) were required. Thus, the role of 
Vila in the mixtures was not simply the activation of X since 
Xa alone was insufficient. Furthermore, the function of Xa 
was not simply the activation of VII since the addition of 
Vila (our preparation contained 65% two-chain, activated 
VII) to BaSO,-absorbed serum was also insufficient to 
produce maximal TF inhibition. Although the indirect evi- 
dence presented here strongly supports the supposition that 
the inhibitor recognizes the VII(a)-Ca’*-TF complex, thus 
explaining the requirement for VII(a), the role of X(a) 
remains to be elucidated. The results depicted in Table ! 
suggest that catalytically active Xa is required for some step 
in the generation of the inhibitory activity in serum and, in 
additional studies (not shown), we found that complexes of 
Xa~antithrombin III (or Xa—soybean trypsin inhibitor), will 
not suffice. With this in mind, and because serum contains 
inhibitors to Xa, it appears likely that the concentration of 
X(a) required for 50% TF inhibition as shown in Fig 3 (50 
ng/mL) is probably an overestimate. Whether a stoichiomet- 
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ric complex of VIl(a)-TF-Xa might be involved in the 
inhibitory process, however, will require isolation of the 
factor present in barium-absorbec serum (plasma) to allow 
experiments in purified systems. 

Carson has reported that high-density lipoproteins 
(HDLs) :nhibit the activation of factor X by factor V Ha and 
TF.” We found, however, that HDL isolated using polyanion 
precipitacion and density centrifugation” did not affect TF 
activity when measured in the assay system described here. 
Thus, the inhibition noted by Carson may involve a separate 
mechanism from that of the inhibitor of VIla~TF we are 
studying. Kondo and Kisiel have recently described the 
isolation of a lipoprotein that inhibits factor Vila-TF activa- 
tion of factor X.* This moiety copurified with factor X 
through < number of chromatography steps and was found to 
inhibit the activation of X by the VIla-TF complex in a 
noncompstitive fashion, suggesting to them that its mecha- 
nism of action involves the sequestration of either VII(a) or 
X. The relationship between this lipoprotein and the serum 
factor associated with apparent TFI that is the subject of this 
report is unclear. Moreover, although the characteristics of 
the latter inhibitor are compatible with noncompetitive inhi- 
bition, our results appear to make the sequestration of Vila 
or X per se an unlikely mechanism of its action. 
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Association of Red Cell Spherocytosis With Deletion of 
the Short Arm of Chromosome 8 


By Robert R. Chilcote, Michelle M. Le Beau, Cariton Dampier, Eugene Pergament, Yury Verlinsky, 
Narla Mohandas, Henri Frischer, and Janet D. Rowley 


Congenital spherocytic anemia is a common disorder, but 
in most cases the nature of the underlying membrane 
lesion is unknown and the genetic defect has not yet been 
unequivocally mapped to a chromosome. We studied two 
dysmorphic siblings with neurologic findings and hemolytic 
anemia. Clinical and laboratory findings in these two sib- 
lings were consistent with the diagnosis of congenital 
spherocytosis whereas both parents and two unaffected 


ONGENITAL or heritable spherocytosis (HS) is a 
hemolytic anemia of variable severity, ordinarily inher- 
ited in an autosomal dominant fashion and alleviated by 
splenectomy. Although HS is associated with RBC mem- 
brane loss that results in characteristic findings in osmotic 
fragility studies, in the majority of cases studied, no consis- 
tent molecular membrane defect has been identified and no 
study has unambiguously assigned the defective gene(s) toa 
chromosome. Kimberling and associates!” described a family 
with both HS and a balanced translocation between chromo- 
somes 8 and 12, whereas Bass and associates’ described 
another family with HS and a translocation between chro- 
mosomes 3 and 8, suggesting that a functional alteration ina 
gene on chromosome 8 would result in spherocytosis. We 
report two sisters with typical spherocytosis, dysmorphology, 
and an interstitial deletion of the short arm (p) of chromo- 
some 8. 


MATERIALS AND METHODS 


Case reports. The family was first brought to medical attention 
because of anemia in C.H. (Table 1). Born in 1978, this child was 
small (birth weight 2,500 g; length 38 cm), had hyperbilirubinemia 
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siblings were normal. The two affected children had an 
abnormal chromosomal complement as a resuit 
of a deletion of the short arm of chromosome 8 
[(46,XX,del{8)(p11.1p21.1)]. These results suggest that a 
gene whose deletion results in a congenital spherocytic 
anemia phenotype resides on this region on the short arm 
of chromosome 8. 

o 1987 by Grune & Stratton, inc. 


in the second day of life and gained weight slowly. In the first months 
of life, intermittent splenomegaly, anemia, reticulocytosis, and 
microspherocytes in the peripheral smear were noticed. When the 
child was aged 6 months, psychomotor retardation, unusual facies, 
and nystagmus became evident and tonic-clonic seizures occurred. 
The results of osmotic fragility studies of RBCs before and after 
24-hour incubation were characteristic of spherocytosis. The patient 
required several transfusions following respiratory infections in the 
first years of life. After splenectomy was performed when she was 
aged 4 years, her hemoglobin levels and reticulocyte counts have 
been normal and transfusions have not been necessary. However, 
microspherocytes persist on the peripheral smear, and osmotic 
fragility studies of both fresh and incubated erythrocytes continue to 
show increased fragility. 

The second child, born in 1980, was also small at birth (birth 
weight 2,700 g; length 41 cm); she developed similar dysmorphic 
features with nystagmus, psychomotor retardation, and intermittent 
splenomegaly. Hematologic studies revealed that she also has sphe- 
rocytosis. Anemia was not as severe as in the first child, and no 
transfusions have been required. 

Both children attend schools for the educationally handicapped, 
have grown more slowly than their peers, and have a slight mon- 
goloid slant, a pit located anterior to one ear, and micrognathia. The 
parents are unrelated and of normal appearance (mother’s height 65 
inches; father’s height 79 inches) and are college graduates. There 
was no family history of congenital anomalies, anemia, jaundice, gall 
bladder disease, or splenectomy. On two occasions, the complete 
blood counts, blood films, serum bilirubins, haptoglobin levels, and 
osmotic fragility studies (before and after 24-hour incubation at 
37 °C) on both parents were normal. 

A third female child born in 1983 was normal (birth weight 3,540 
g; length 45 cm) and by 3 years of age had not developed dysmorphic 
features, neurologic problems, or evidence of spherocytic anemia. A 
fourth child was born in 1986 and at 9 months of age shows normal 
development, is not dysmorphic, and has normal blood counts. 

Laboratory studies. Using previously described techniques, 
RBC ektacytometric studies* were performed, and carbonic anhy- 
drase’ and glutathione reductase (GSSG-R) levels* were measured 
on the two affected children and both parents. Plasma factor VU 
levels were measured using factor-deficient plasma (Dade Diagnos- 
tics). Peripheral blood RBCs were separated by density.’ Membrane 
proteins from RBC ghosts prepared by hypotonic lysis were sepa- 
rated using sodium dodecyl sulfate-polyacrylamide gel electrophore- 
sis (SDS-PAGE) as described? (except 0.1% SDS gel and buffers 
were used to enhance resolution of band 4.1) and the two- 
dimensional gel technique of O'Farrell.’ One-dimensional gels were 
stained with Coomassie blue and scanned with a Hoefer GS300 
scanning densitometer to estimate the area under each peak. Rele- 
vant protein bands were also excised and, after eluting with 80% 
methanol at 95°C, the Coomassie blue stain in each band was 
quantitated at 595 nm ina spectrophotometer.'® RBC phospholipids 
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Table 1. Hematologic Values for the Two Patients 








C.H.” 
Before After 

Variable Splenectomy Splenectomy B.H. 
Age (yr) 4 6 4 
Hemoglobin (g/dl) 9.2 15.2 10.2 
Reticulocytes (%) 20 1.4 8.8 
MCHC (g/dL) 35.0 35.9 34.6 
Microspherocytes (Q--4 +) 2+ 44 2+ 





“This patient had hyperbilirubinemia in the newborn period and, before 
splenectomy, four severe anemic episodes associated with splenomegaly 
and requiring transfusions. Hematologic values were obtained during 
stable periods with no recent transfusions. Two normal-appearing sib- 
lings have normal hematologic studies. 


were assayed using ammonium ferrothiocyanate"’ and silica gel 
(Fischer Silicon Gel G) thin-layer chromatography.” Trypsin- 
Giemsa~banded chromosome studies were performed on phytohe- 
magglutinin-stimulated peripheral blood lymphocytes on two occa- 
sions on each family member and on cultures established from skin 
biopsies of the parents. Multiple blood group and HLA markers 
were determined on both parents and the two older children. 


RESULTS 


Hematologic studies. The results of osmotic fragility 
studies of unincubated RBCs from one affected child (C.H.), 
are shown in Fig |. Density centrifugation of fresh peripheral 
blood enriched the lower or denser, presumably older layers 
(as judged by the absence of reticulocytes), for spherocytes. 
Also shown in Fig | are the results of osmotic fragility studies 
obtained at the time of this child’s splenectomy. RBCs taken 
from the splenic pulp and splenic vein had a higher propor- 
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tion of osmotically fragile RBCs than did the peripheral 
blood, consistent with splenic “conditioning.” > 

Genetic studies. Metaphase cells from both affected 
children had an interstitial deletion of the short arm of 
chromosome 8 extending from band p11.1 to p21.1 (Fig 2): 
[46,.XX,del(8)(pl1.1p21.1)]. Peripheral blood lymphocytes 
from one unaffected sibling and both lymphocyte and skin 
fibroblast cultures from the parents had normal chromo- 
somal complements. 

RBC GSSG-R levels in the affected children were slightly 
lower than those of either parent, one unaffected sibling, or 
controls (C.H.: 8.6, 6.3; B.H.: 9.0, 11.2; unaffected sibling: 
13.7; mother: 12.0, 15.2; father: 12.4; and nine controls: 
13.2 + 2.4 mmol/min/g Hb SD). Carbonic anhydrase | and 
If and plasma factor VII levels were not reduced. Blood 
group and lymphocyte HLA studies gave no evidence of 
nonpaternity. 

Membrane studies. Ektacytometric studies of periph- 
eral blood taken from both parents and the affected children 
were normal. These findings are consistent with the results 
noted in patients with classical hereditary spherocytosis in 
whom no specific skeletal protein defect can yet be identi- 
fied.* 

SDS-polyacrylamide gels of RBC ghosts isolated from a 
normal control and the family members are illustrated in Fig 
3. Spectrin (both a and 8), actin, band 4.1, and other bands 
delineated by this technique were present; results were 
confirmed by two-dimensional gel analysis. Table 2 shows 
that the ratios of spectrin, band 4.1, and band 4.2 to band 3 
for each of the affected children, both parents, and controis 
were similar. The membrane phospholipids, sphingomyelin, 
phosphatidylcholine, phosphatidylserine, and phosphatidyl- 
ethanolamine were present in normal proportions. 






at ees rH ae ` iGO 
i 80 
i 
i 
t 
i T 
i 60 a 
#—- CONTROL "TOP" a! 
= 
|e— CONTROL “BOTTOM” 40 
= 
| 20 
0 
0.4 0.3 0.2 0.1 0 


Osmotic fragility studies of C.H.'s peripheral RBCs (separated by density) and splenic RBCs. The results of studies of peripheral 


blood taken during a routine visit and separated by RBC density (centrifuged at 30 °C for 60 minutes at 27,000 g (ref. 7) show that the least 
dense fraction with the highest proportion of reticulocytes from the top of the gradient was, as judged by osmotic fragility, the loast 
severely damaged, whereas the denser layers (middle and bottom of the gradient, no reticulocytes) had a higher proportion of spherocytic 
cells (tail of osmotically fragile cells), suggesting that the patient's RBCs sphered with age. Studies of peripheral blood from a normal 
control {right-hand curves) showed no shift in osmotic fragility between top and bottom RBC layers. At the time of splenectomy, samples 
obtained from the splenic pulp and splenic vein contained the highest proportion of spherocytes, suggesting that the spleen was damaging 


RBCs in transit. 
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DISCUSSION 


The association of congenital spherocytic anemia in these 
two siblings with an interstitial deletion of the short arm of 
chromosome 8 and the absence of these findings in other 
family members with normal chromosomal complements 
strongly suggests that the loss of this chromosomal segment 
resulted in the RBC membrane abnormality. The clinical 


Fig 2. Interstitial deletion 
of chromosome 8. A: Sche- 
matic diagram of the banding 
pattern of the normal (left) and 
deleted (right) chromosome 8. 
The deleted segment is identi- 
fied by arrows on the normal 
homologue. B through E: Partial 
karyotypes of family members 
illustrating chromosome 8 ho- 
mologues from trypsin-Giem- 
sa~banded metaphase cells de- 
rived from phytohemaggluti- 
nin-stimulated peripheral blood 
lymphocytes. B, father; C, 
mother; D, patient C.H.; E, 
patient B.H. D and E: The de- 
leted chromosome is shown on 
the right of each pair of homo- 
logues (arrows). 
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Fig 3. 
acrylamide gel electrophoresis of RBC ghosts. Gels were stained 
with Coomassie blue. Shown are the gels of both parents (lanes 1 
and 2), affected patients C.H. and B.H. (lanes 3 and 4), and a 
normal control (lane 5). There were no major differences in 
membrane protein composition between the affected children, 
parents, and control. 
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Table 2. Comparison of Ratios of Spectrin, 
Band 4.1, and Band 4.2 to Band 3 








Sample Spectrin:Band 3 Band 4. 1:Band 3 Band 4.2:Band 3 
Father 1.06 + 0.08 0.24 + 0.01 0.14 + 0.02 
Mother 1.05 + 0.04 0.23 + 0.04 0.14 + 0.02 
B.H. 1.06 + 0.05 0.23 + 0.03 0.14 + 0.02 
C.H, 1.06 + 0.06 0.25 + 0.02 0.14 + 0.02 
Control 1.08 + 0.06 0.25 + 0.02 0.15 + 0.02 


All results are means + SD (n = 7). Results were determined by dye 
elution of Coomassie blue stain of 3.5% to 7.5% gradient sodium 
dodecyl sul-ate polyacrylamide gels. 


course, hematologic findings, osmotic fragility studies, the 
role of the spleen in damaging RBCs, membrane loss with 
cell age, and ektacytometric measures of RBC structural 
stability n these two patients are compatible with previous 
descriptions of patients with congenital spherocytic anemias 
such as ES.*!?" 

Kimberling and associates described a family with 
spherocytosis and a balanced translocation between chromo- 
somes 8 and 12 [t(8;12)(pl1;p13)],'° whereas Bass and 
associates’ described another family with spherocytosis 
and a translocation between chromosomes 3 and 8 [t(3:8) 
(p21:pl1)]. These data, along with our observations of an 
interstitial deletion involving bands pl 1.1 and p21.1, suggest 
that a functional alteration in a gene on the short arm of 
chromosome 8, at band p11, is associated with spherocyto- 
sis. 

GSSG-R levels were slightly reduced in the two affected 
children relative to their parents and the unaffected sibling 
but did not approach half-normal values expected from 
GSSG-R gene dosage studies in patients trisomic for this 
region of chromosome 8.'° These results are ambiguous and 
do not confirm or deny the cytogenetic findings, which 
indicate that the deletion extends to 8p21, the region to 
which the GSSG-R gene has been assigned.'® It is unlikely 
that the moderate reduction in GSSG-R activity would cause 
hemolysis and, in a previous study of a kindred with both HS 
and GSSG-R deficiency, the two genes segregated indepen- 
dently and family members who had GSSG-R deficiency 
alone were asymptomatic.'’ Levels of carbonic anhydrase II 
and facter VII, genes with structural or control loci assigned 
to chromosome 8,'* were not reduced, but the deletion 
observed in our patients probably involved a number of other 
genes, resulting in dysmorphology and the neurologic find- 
ings. 

The pattern of inheritance in this family is unusual in that 
two siblings were affected whereas the parents and a third 
sibling were chromosomally normal. Cytogenetic analysis on 
a fourth sibling has not yet been performed, but the child has 
a normal physical exam and hemoglobin values. Studies of 
blood greups and HLA antigens in this family were consis- 
tent with the presumed paternity. Although other possible 
mechanisms may explain our observations, the most likely 
explanation is that one parent is mosaic for this abnormali- 
ty. 

It is likely that congenital spherocytic anemias are a 
heterogeneous group of disorders but, other than a deficiency 
of « and g spectrin described in a small number of patients," 
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Tabie 1. Hematologic Values for the Two Patients 








C.H.* 
Before After 

Variable Splenectomy Splenectomy B.H. 
Age (yr) 4 6 4 
Hemoglobin (g/dL) 9.2 15.2 10.2 
Reticulocytes (%) 20 1.4 8.8 
MCHC {g/dL} 35.0 35.9 34.6 
Microspherocytes (0-4 +) 2+ 4+ 2+ 





* This patient had hyperbilirubinernia in the newborn period and, before 
splenectomy, four severe anemic episodes associated with splenomegaly 
and requiring transfusions. Hematologic values were obtained during 
stable periods with no recent transfusions. Two normal-appearing sib- 
lings have normal hematologic studies. 


were assayed using ammonium ferrothiocyanate'! and silica gel 
(Fischer Silicon Gel G) thin-layer chromatography. Trypsin- 
Giemsa~—banded chromosome studies were performed on phytohe- 
magglutinin-stimulated peripheral blood lymphocytes on two occa- 
sions on each family member and on cultures established from skin 
biopsies of the parents. Multiple blood group and HLA markers 
were determined on both parents and the two older children. 


RESULTS 


Hematologic studies. The results of osmotic fragility 
studies of unincubated RBCs from one affected child (C.H.), 
are shown in Fig 1. Density centrifugation of fresh peripheral 
blood enriched the lower or denser, presumably older layers 
(as judged by the absence of reticulocytes), for spherocytes. 
Also shown in Fig | are the results of osmotic fragility studies 
obtained at the time of this child’s splenectomy. RBCs taken 
from the splenic pulp and splenic vein had a higher propor- 
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tion of osmotically fragile RBCs than did the peripheral 
blood, consistent with splenic “‘conditioning.””!*4 

Genetic studies. Metaphase cells from both affected 
children had an interstitial deletion of the short arm of 
chromosome 8 extending from band p11.1 to p21.1 (Fig 2): 
[46,XX,del(8)(p11.1p21.1)]. Peripheral blood lymphocytes 
from one unaffected sibling and both lymphocyte and skin 
fibroblast cultures from the parents had normal chromo- 
somal complements. 

RBC GSSG-R levels in the affected children were slightly 
lower than those of either parent, one unaffected sibling, or 
controls (C.H.: 8.6, 6.3; B.H.: 9.0, 11.2; unaffected sibling: 
13.7; mother: 12.0, 15.2; father: 12.4; and nine controls: 
13.2 + 2.4 mmol/min/g Hb SD). Carbonic anhydrase | and 
If and plasma factor VII levels were not reduced. Blood 
group and lymphocyte HLA studies gave no evidence of 
nonpaternity. 

Membrane studies. Ektacytometric studies of periph- 
eral blood taken from both parents and the affected children 
were normal. These findings are consistent with the results 
noted in patients with classical hereditary spherocytosis in 
whom no specific skeletal protein defect can yet be identi- 
fied. 

SDS-polyacrylamide gels of RBC ghosts isolated fram a 
normal control and the family members are illustrated in Fig 
3. Spectrin (both a and 8), actin, band 4.1, and other bands 
delineated by this technique were present; results were 
confirmed by two-dimensional gel analysis. Table 2 shows 
that the ratios of spectrin, band 4.1, and band 4.2 to band 3 
for each of the affected children, both parents, and controls 
were similar. The membrane phospholipids, sphingomyelin, 
phosphatidylcholine, phosphatidylserine, and phosphatidyl- 
ethanolamine were present in normal proportions. 
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Fig 1. Osmotic fragility studies of C.H.’s peripheral RBCs (separated by density) and splenic RBCs. The results of studies of peripheral 
blood takən during a routine visit and separated by RBC density (centrifuged at 30 °C for 60 minutes at 27,000 g iref. 7) show that the least 
dense fraction with the highest proportion of reticulocytes from the top of the gradient was, as judged by osmotic fragility, the feast 
severely damaged, whereas the denser layers (middie and bottom of the gradient, no reticulocytes) had a higher proportion of spheracytic 
celis (tail of osmotically fragile celis}, suggesting that the patient's RBCs sphered with age. Studies of peripheral blood from a normal 
control (right-hand curves) showed no shift in osmotic fragility between top and bottom RBC layers. At the time of splenectomy, samples 
obtained from the splenic pulp and splenic vein contained the highest proportion of spherocytes, suggesting that the spleen was damaging 


RBCs in transit. 
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DISCUSSION 


The association of congenital spherocytic anemia in these 
two siblings with an interstitial deletion of the short arm of 
chromosome 8 and the absence of these findings in other 
family members with normal chromosomal complements 
strongly suggests that the loss of this chromosomal segment 
resulted in the RBC membrane abnormality. The clinical 


Fig 2. Interstitial deletion 
of chromosome 8. A: Sche- 
matic diagram of the banding 
pattern of the normal (left) and 
deleted (right) chromosome 8. 
The deleted segment is identi- 
fied by arrows on the normal 
homologue. B through E: Partial 
karyotypes of family members 
illustrating chromosome 8 ho- 
mologues from trypsin-Giem- 
sa—banded metaphase cells de- 
rived from phytohemaggluti- 
nin-stimulated peripheral blood 
lymphocytes. B, father; C, 
mother; D, patient C.H.; E, 
patient B.H. D and E: The de- 
leted chromosome is shown on 
the right of each pair of homo- 
logues (arrows). 
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Fig 3. Sodium dodecyl sulfate 3.5% to 7.5% gradient poly- 


acrylamide gel electrophoresis of RBC ghosts. Gels were stained 
with Coomassie blue. Shown are the gels of both parents (lanes 1 
and 2), affected patients C.H. and B.H. (lanes 3 and 4), and a 
normal control (lane 5). There were no major differences in 
membrane protein composition between the affected children, 
parents, and control. 
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Table 2. Comparison of Ratios of Spectrin, 
Band 4.1, and Band 4.2 to Band 3 


Sample Spectrin:Band 3 Band 4.1 Band 3 Bane 4.2:Band 3 
Father 1.06 + 0.08 0.24 + 0.01 0.14 + 0.02 
Mother 1.05 + 0.04 0.23 + 0.04 0.14 + 0.02 
B.H. 1.06 + 0.05 0.23 + 0.03 0.14 + 0.02 
C.H. 1.06 + 0.06 0.25 + 0.02 0.14 + 0.02 
Control 1.08 + 0.06 0.25 + 0.02 0.15 + 0.02 


All results are means + SD (n = 7). Results were determined by dye 
elution of Coomassie blue stain of 3.5% to 7.5% gradient sodium 
dodecyl sulfate polyacrylamide gels. 


course, hematologic findings, osmotic fragility studies, the 
role of the spleen in damaging RBCs, membrane loss with 
cell age, and ektacytometric measures of RBC structural 
stability in these two patients are compatible with previous 
descriptions of patients with congenital spherocytic anemias 
such as HS.*!*"4 

Kimberling and associates described a family with 
spherocytosis and a balanced translocation between chromo- 
somes 8 and 12 [t(8:12)(pl1:p13)],’° whereas Bass and 
associates’ described another family with spherocytosis 
and a translocation between chromosomes 3 and & [t(3;8) 
(p21:pl1)]. These data, along with our observations of an 
interstitial deletion involving bands pl 1.1 and p21.1, suggest 
that a functional alteration in a gene on the short arm of 
chromosome 8, at band p11, is associated with spherocyto- 
SIS. 

GSSG-R levels were slightly reduced in the two affected 
children relative to their parents and the unaffected sibling 
but did not approach half-normal values expected from 
GSSG-R gene dosage studies in patients trisomic for this 
region of chromosome 8.'* These results are ambiguous and 
do not confirm or deny the cytogenetic findings, which 
indicate that the deletion extends to 8p21, the region to 
which the GSSG-R gene has been assigned."® It is unlikely 
that the moderate reduction in GSSG-R activity would cause 
hemolysis and, in a previous study of a kindred with both HS 
and GSSG-R deficiency, the two genes segregated indepen- 
dently and family members who had GSSG-R deficiency 
alone were asymptomatic." Levels of carbonic anhydrase II 
and factor VII, genes with structural or control loci assigned 
to chromosome 8,'* were not reduced, but the deletion 
observed in our patients probably involved a number of other 
genes, resulting in dysmorphology and the neurologic find- 
ings. 

The pattern of inheritance in this family is unusual in that 
two siblings were affected whereas the parents and a third 
sibling were chromosomally normal. Cytogenetic analysis on 
a fourth sibling has not yet been performed, but the child has 
a normal physical exam and hemoglobin values. Studies of 
blood groups and HLA antigens in this family were consis- 
tent with the presumed paternity. Although other possible 
mechanisms may explain our observations, the most likely 
explanation is that one parent is mosaic for this abnormali- 
ty. 

It is likely that congenital spherocytic anemias are a 
heterogeneous group of disorders but, other than a deficiency 
of æ and 8 spectrin described in a small number of patients,"” 


SPHEROCYTOSIS AND CHROMOSOME 8p 


the results of SDS-PAGE of RBC ghosts derived from 
peripheral blood of HS patients, as in our two cases, show no 
qualitative abnormalities.” Functional studies have detected 
abnormalities of spectrin-band 4.1 binding?’ and cytoskeletal 
structure?” in small groups of patients. 

Hemizygosity for a gene on 8p might alter the quantity or 
function of a membrane protein in a manner not detectable 
by the semiquantitative gel systems used in this study. For 
example, an enzymatic deficiency resulting in a failure to 
modify appropriately a structural protein after translation 
could affect that protein’s binding capacity. Additional stud- 
ies will be needed to delineate the defect, but these findings 
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may narrow the chromosomal region in which to search fora 
gene responsible for spherocytosis; the availability of a cell 
line* should help in these investigations. 
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Selective Expression of fos Proto-oncogene in Human Acute Myelomonocytic and 
Monocytic Leukemias: A Molecular Marker of Terminal Differentiation 


By F. Mavilio, U. Testa, N.M. Sposi, M. Petrini, E. Pelosi, C. Bordicnon, S. Amadori, F. Mandelli, and C. Peschle 


Expression of human fos proto-oncogene (c-fos) was ana- 
lyzed in primary cells from 50 untreated acute lymphocytic 
(ALL) and myeloblastic (AML) leukemias. c-fos RNA, ana- 
lyzed by blot hybridization, was detected virtually only in 
myelomonocytic (M4) and monocytic (M5) AML. Both M4 
and M5 sampies show a strong positive correlation 
between the amount of c-fos transcripts and the percent- 
age of leukemic cells expressing surface antigens specific 


HE HUMAN fos proto-oncogene (c-fos) (ie, the cellular 
homologue of the transforming gene (v-fos) of Finkel- 
Biskis-Jinkins (FBJ) murine osteosarcoma virus! is localized 
on chromosome 14? and codes for a 380 amino acid nuclear 
protein of yet unknown function.’ In quiescent human and 
mouse fibroblasts, transient activation of c-fos transcription is 
detected as soon as 15 minutes after the growth stimulus,** 
thus implying a role for c-fos in cell cycle control. On the other 
hand, expression of c-fos is clearly linked to cell differentia- 
tion. Thus, it is enhanced in murine hemopoietic cells or 
leukemic lines induced by colony-stimulating factors,’ as well 
as in human promyelocytic or monoblastic lines induced by 
phorbol esters." Furthermore, transfection of cloned mouse 
c-fos into F9 teratocarcinoma cells causes expression of both 
fos mRNA and protein, which is correlated to cell differentia- 
tion.'™!? Finally, abundant accumulation of c-fos transcripts 
and protein has been observed in late gestation extraem- 
bryonic tissues of both murine and human origin. >" 

We studied c-fos expression in primary cells from 50 
untreated human lymphocytic (ALL) and myeloblastic 
(AML) acute leukemias, accurately classified on the basis of 
both cell morphology and expression of surface antigen 
markers. We found significant expression of c-fos only in 
myelomonocytic (M4) and monocytic (M5) AML, with a 
strong positive correlation between the amount of transcripts 
and the percentage of leukemia cells expressing surface 
antigens specific for mature monocytes and macrophages. 
Expression of c-fos was detected even in normal peripheral 
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for mattre monocytes and macrophages. Normal mature 
monocytes exhibit a detectable level of c-fos RNA, which is 
virtually unaltered on activation to macrophage differentia- 
tion, but is always below that observed in M4 through M5 
monocyticlike cells. These data provide evidence that c-fos 
expression is linked to terminal monocyte and macrophage 
differentiation in normal and leukemic hemopoiesis. 

@ 1987 by Grune & Stratton, Inc. 


blood monocytes, although at a level approximately threefold 
lower then in leukemic cells. 


METHODS 


Patients and cells. We selected 50 hematology—oncology 
patients with acute leukemia of either myelogenous or lymphocytic 
type. Differential diagnosis of ALL in pre-B, B or T type and of 
AML in M1 through M5 type was carried out by both morphological 
evaluatior of bone marrow smears according to French-American- 
British (FAB) criteria'® and analysis of surface antigen pattern of 
leukemic cells. All patients were acvised of all procedures and 
attendant risks, and gave informed consent. 

Leukemie cells were obtained immediately after diagnosis and 
before initiation of therapy from peripheral blood or bone marrow 
aspirates, and enriched up to 90% by centrifugation on Ficoll- 
Hypaque cushions. Binding of monoclonal antibodies (OKT3, T4, 
T6, T8, T9, T10, T11, M5, Bl, and BA-2 from Ortho Diagnostics, 
Raritan, NJ; MO2 from Coulter Immunology, Hialeah, FL; Tec- 
HLA-DR. MGI, and MI from Tecnogenetics, Turin, Italy; Leu-1 
and Leu-) from Becton Dickinson, Mountain View, CA; R-10, 
which specifically recognizes human glycophorin A, generously sent 
by Dr P.A. Edwards; AN-51 which recognizes human platelet 
glycoprotein I, kindly provided by Dr A.J. McMichael) was deter- 
mined by indirect immunofluorescence. Leukemic cells (2 x 10°), 
isolated be centrifugation on a Ficoll-Hypaque cushion, were washed 
three times in Hank’s saline solution and incubated for 60 minutes at 
4°C with 200 „i. of an appropriated dilution in Hank’s saline 
solution containing | mg/mL of bovine serum albumin (BSA) of the 
monoclonal antibody. The cells, washed at 4°C in Hank’s saline 
solution, were then incubated (60 minutes at 4 °C) with fluorescein 
isothiocyanate (FITC)-labeled F(ab’) fragments of immunoadsor- 
bent-purified sheep antibodies against mouse IgGs. After three 
additional washes, the cells were mounted on slides in 50% glycerol 
in phosphate-buffered saline (PBS). The proportion of fluorescent 
cells was scored in incident light on a Leitz standard universal 
fluorescent microscope, equipped with a set of filters for narrow- 
band fluorescence. 

Mature resting monocytes were obtained from peripheral blood 
buffy coa- of healthy donors by enrichment on a Ficoll-Hypaque 
cushion ard subsequent purification (>90%) by either centrifuga- 
tion on a Percoll density gradient” or standard adherence on tissue 
culture flasks. 

RNA analysis. Total cellular RNA was extracted from 10* cells 
by the guanidine thyocyanate technique,'* dotted in 8.0 to 0.5 ug 
aliquots cnto nitrocellulose paper (BA-85, Schleicher & Schull, 
Keene, NH), and hybridized’® to 10’ cpm of the 1.1-kilobase (kb) 
Pstl/Pst 1 fragment containing most of v-fos™, labeled by nick- 
translation up to a specific activity of 4 to 9 x 10% dpm/ag. 
Stringency of washing (50 mmoL/L of NaCl, 5 mmoL/L of 
Na-citrate at 65 °C) was accurately tested on appropriate negative 
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controls to avoid nonspecific binding or cross-hybridization of the 
viral probe. Hybridization to a chicken 8-actin probe” was carried 
out to allow normalization of RNA levels. Poly-A* RNAs were 
obtained by one passage on oligo-dT cellulose columns, run in 5-ug 
aliquots on 1% agarose-formaldehyde gels,” transferred onto nitro- 
cellulose paper by capillary blot, and hybridized as described for dot 
blots. 

DNA analysis. High mol wt DNA was extracted from 10° cells, 
digested with restriction endonucleases, run on 1% agarose gels, 
transferred onto nitrocellulose paper, and hybridized to 2 x 10’ cpm 
of radiolabeled probe as described.” 


RESULTS 


We analyzed a sample of 20 ALL (8 T ALL, | B cell 
precursor, 8 pre-B, and 3 BALL) and 30 AML (3 M1,6 M2, 
5 M3, 8 M4 and 8 M5 AML). The expression of c-fos in 
purified leukemic cells was quantitatively evaluated by filter 
hybridization of total RNA to a fos-specific probe (Fig 1). 
c-fos transcripts were barely detectable or undetectable in all 
leukemic samples, with the exception of myelomonocytic 
(M4) and monocytic (M5) AML cells, which showed vari- 
able levels of fos RNA (Fig 1). Analysis of poly-A* RNA by 
Northern blot (Fig 2) indicates that c-fos is transcribed into 
a predominant 2.3-kb mRNA band and a minor 3.6-kb RNA 
species, probably a precursor. A faint band of 1.9 kb is also 
detectable, which apparently corresponds to /fos-related 
sequences (r-fos), transcribed together with c-fos after plate- 
let-derived growth factor (PDGF) stimulation of cultured 
fibroblasts.”*. c-fos is thus specifically expressed in M4 and 
M5 AML, both characterized by presence of a variable 
proportion of neoplastic cells, more or less differentiated 
along the monocytic-macrophagic pathway. In none of these 
cases did we observe amplification of the fos gene, as 
evaluated by Southern blot hybridization of genomic DNA 
(results not shown). 

We further investigated whether in M4 and M5 AML 
samples expression of c-fos was related to the number of 
monocyticlike cells and/or their stage of differentiation. The 
former parameter was evaluated on the basis of morphologi- 
cal and cytochemical features (ie, inhibition of a-naphtyl 
acetate esterase staining after treatment with sodium fluo- 
ride, which is specific for monocytes): these also allowed a 
more precise classification of the MS AML in MSA and 
MS5B subtypes according to FAB criteria.'*?*”* On the other 
hand, the stage of differentiation of leukemic cells within the 
monocytic pathway was evaluated by immunofluorescence 
studies with a panel of ten monoclonal antibodies. In particu- 
lar, we used OKMS, MO2, and Tec-M1, which recognize 
surface antigens selectively expressed on mature monocytes 
and macrophages,” ” as well as on terminally differentiated 
leukemic lines induced in vitro by various agents.” All 
morphological, cytochemical, and immunologic data are 
summarized in Table 1. 

The levels of c-fos RNA, showing a virtually equivalent 
spread in M4 and MS AML, were not correlated with the 
number of monocyticlike cells in each sample, as evaluated 
by standard cytochemical criteria (Fig 1, Table 1). Con- 
versely, a strong positive correlation was observed between 
the abundance of c-fos transcripts and the number of cells 
recognized by either OKMS, MO2, or Tec-M1 antibodies, in 
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Fig 1. Dot blot analysis of the expression of c-fos in human 
myelomonocytic (M4) and monocytic (M5) acute leukemias (AML), 
as compared with representative cases of myeloblastic (M1 and 
M2) and promyelocytic (M3) AML. Total RNA was dotted onto 
nitrocellulose paper and hybridized to a v-fos probe (described in 
the Materials and Methods section). Autoradiograms were 
scanned by densitometry, and the values obtained are indicated in 
Table 1 and plotted in Fig 3. Letters a through j identify the 
following cases in Table 1: a = MA-82; b = AS-3; c = TO-190; d = 
LE-104; e = CR-144; f = PR-132; g = DSL-113; h = BA-208; i = 
VA-134; and j = UMC-122. 


both M4 and M5 samples (Fig 3). Among M5 AML, c-fos 
transcripts were more abundant in the M5B subtype (Table 
1), which is characterized by a more elevated number of cells 
morphologically resembling mature monocytes, according to 
the FAB criteria. 

We further investigated c-fos expression in normal mono- 
cytes. c-fos transcripts were clearly detected in nonadherent 
resting monocytes isolated by centrifugation on density gra- 
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Fig2. (A) Northern blot analysis of c-fos expression in poly-A* 
RNA obtained from M4 or M5 AML cells and a single case of M2 
AML (70% positive to the monocytic-specific MO2 monoclonal 
antibody, described in text). (B) Northern blot analysis of c-fos 
expression in total cellular RNA from two cases of M4 and M5 
AML, as compared with peripheral blood adherent monocytes. 
Sizes are in kilobases. 
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Table 1. Surface Antigen Pattern, Cytochemistry, and Expression of c-fos in Leukemic Cells From M4 and M5 AML Patients 





immunofiuorescence 
{% Positive Celis) 


Cytochemistry 
(% Positive Celis} 


mma CFOS Expression 
NASDA NASDA-F 


Case FAB HLA-DR MGi OKM5 MO2 Mi OKT9 OKT10 OKT11 R-10 AN-51 Peroxidase (% of Maximum) 
CR-2 M4 21 81 15 13 ND Neg 5 Neg 0.2 Neg 35 90 55 39 
AS-3 M4 85 66 72 41 ND Neg Neg Neg Neg Neg 40 90 55 50 
BF-71 M4 ND ND 9 Neg Neg Neg ND ND ND ND 45 60 60 <4 
MA-82 M4 91 89 74 57 69 Neg ND ND Neg Neg 25 60 60 94 
LE-104 M4 34 30 20 0.8 0.8 Neg ND ND Neg ND 25 70 55 18 
DG-145 M4 68 67 69 43 44 4 1.5 Neg 0.1 ND 60 90 60 44 
TO-190 M4 25 59 11 5 5.5 0.2 66 ND Neg Neg 40 90 40 26 
CR-144 M4 ND ND 5 2 ND Neg ND ND ND ND ND ND ND 11 
DM-65 M5 ND 51 49 ND 16 Neg ND ND Neg Neg Neg 100 0 23 
EG-70 M5 53 17 9 25 3 Neg ND ND Neg Neg Neg 90 30 <4 
DSL-113 M5B 28 78 48 42 £44 Neg 14 4.5 1 Neg Neg 80 0 50 
UMC-122 M5A 9 51 6 3 3.5 Neg ND ND ND ND Neg 80 0 5 
PR-132 M58 75 76 65 40 £54 0.8 13 11 Neg Neg 8 90 10 78 
VA-134 M5 11 49 2 ND 1 Neg Neg 0.2 ND ND 15 100. Q 16 
BA-208 M5B 58 79 43 ND 28 Neg ND ND Neg Neg Neg 60 0 26 
FA~153 M5A ND 94 2 Neg Neg Neg ND ND ND ND ND ND ND 12 


FAB, classification according to the French-American-British criteria. 
activity; NASDA-F, NASDA after Na fluoride inhibition. 


dient, at a level ~threefold lower than in leukemic cells (as 
calculated after normalization for the percentage of leu- 
kemic cells expressing terminal monocytic markers). On the 
other hand, monocytes allowed to adhere for 4 hours did not 
show any detectable variation in c-fos expression, as com- 
pared with cells before adherence. 

We also observed abundant c-fos transcription in a single 
case of M2-AML (Fig 2). These cells were >70% reactive 
with MO2, even though no other monocytic features could be 
demonstrated by morphological, cytochemical, and surface 
antigen criteria. 


DISCUSSION 


Growing evidence accumulated in the last years suggests a 
role for “activated” cellular proto-oncogenes (c-onc) in 
establishment, maintenance and progression of neoplastic 
growth, particularly in the hemolymphopoietic system. >? 
In this regard, abnormal c-onc expression, at both quantita- 
tive and qualitative levels is significantly associated to dif- 
ferent types of human leukemias and lymphomas: however, 
cause~effect relationship(s) between these abnormalities and 
oncogenesis of hematopoietic tumors have not been conclu- 
sively established so far.” 

Previous studies on c-onc expression in leukemias have met 
with various limitations. A crucial aspect is that most 
observations have been carried out on leukemic lines, which 
do not often represent faithfully both the genotype and 
phenotype of the original neoplastic clone(s).*° On the other 
hand, interpretation of the limited number of studies carried 
out on primary cells is hampered by both the small number of 
examined samples and the poor classification of leukemic 
cells, 7 

We studied the expression of c-fos in primary cells from 
both lymphocytic and myeloblastic acute leukemia patients. 
Our data indicate that accumulation of c-fos transcripts is 
limited virtually to the myelomonocytic and monocytic sub- 





16€ ND, not determined; Neg, negative; NASDA, a napthy! acetate esterase 


types. The amount of c-fos transcripts appears to be strongly 
correlated with the number of cells expressing surface mark- 
ers specitic for mature monocytes and macrophages, whereas 
no correlation exists with the number of monocyticlike cells 
recognized by conventional cytochemical analysis. We inter- 
pret these findings to suggest that leukemic cells expressing 
surface cntigens specific for terminal monocytic differentia- 
tion selectively accumulate c-fos transcripts (ie, the amount 
of fos RNA detected by blot hybridization in the overall 
sample cepends essentially on the relative number of these 
cells). Therefore, expression of c-fas does not generally occur 
in leukemic cells belonging to the monocytic lineage (eg, 
monoblasticlike or promonocyticlike elements), but only in 
the more differentiated ones, as defined by expression of 
specific surface markers. Accordingly, c-fos transcripts in 
M5 AM _ are particularly abundant in M5B samples, which 
are characterized by the presence of a more elevated number 
of cells resembling mature monocytes at morphological and 
cytochemical level (Table 1). 

Interestingly, a single case of M2-AML abundantly 
expressed c-fos RNA. These cells were strongly positive to 
one of tae monocyte-specific antibodies (ic, MO-2), even 
though no other monocytic feature could be demonstrated by 
morphological, cytochemical or surface antigen criteria. This 
confirms that c-fos expression is linked to the genetic 
program of terminal monocyte differentiation: occasionally, 
this program may be partially expressed by leukemic cells 
otherwise differentiated into a nonmonocytic pathway, as a 
typical example of lineage infidelity.” 

Our results also reflect on previous studies on HL-60 
(promye.ocytic) and U937 (monoblastic) human leukemic 
lines, which indicated that addition of 12-O-tetradecanoyol- 
phorbol-i3-acetate (TPA) triggers early c-fos transcription 
and differentiation to adherent macrophages.’’* Interpreta- 
tion of these studies is rendered uncertain by observations 
reporting that TPA (as well as other activators of protein 
kinase C) also induces c-fos transcription in various hemo- 
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Fig3. Correlation between expression of c-fos (percentage of 
maximum) and reactivity to monoclonal antibodies OKM5, MO2, 
and Tec-M1 (percentage of positive cells) in M4 (solid circles} and 
M5 (open circles) AML cases. The amount of c-fos transcript was 
evaluated by dot blot analysis at total RNA (Fig 1). Reactivity to 
monocional antibodies was assessed by indirect immunofluores- 
cence {described in Materials and Methods Section). 


poietic~nonmonocytic or nonhemopoietic lines2**° Our 
results strengthen the conclusion that the enhanced c-fos 
transcription in TPA-treated HL-60 and U937 lines may be 
linked, at least in part, to the induction of terminal monocytic 
and macrophage differentiation. 

A key aspect emerging from our observations is that c-fos 
transcripts are accumulated in normal peripheral blood 
monocytic cells. We show that the accumulation of c-fos 
transcripts is physiologically linked to terminal differentia- 
tion of normal monocytes and is further maintained when 
they mature to macrophages. Leukemic monocytic cells 
accumulate c-fos transcripts at a level more elevated than 
that observed in their normal counterparts, however (Fig 2). 
This discrepancy may hardly be attributed to the more 
elevated cycling activity of leukemic v normal cells, since M4 
through M5 AML elements are mostly blocked in the GO 
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through G1 through phase of cell cycle. Indeed, expres- 
sion of c-myc, generally correlated to proliferative activity, is 
barely detectable in M4 through MS cells, whereas it is 
clearly demonstrable in other AML subtypes (M1, M2, M3) 
showing more intensive proliferation (results not shown 
here). 

In conclusion, our studies provide evidence that c-fos 
transcripts are selectively accumulated in leukemic cells 
characterized by expression of antigen markers specific for 
normal mature monocytes and macrophages. In this respect, 
c-fos expression in M4 through MS AML cells mimics that 
observed in their normal hemopoietic counterparts, but at a 
more elevated level. Therefore, expression of c-fos may be 
considered a molecular marker of monocytic differentition in 
leukemic cells, possibly of diagnostic significance. Further 
studies are necessary to assess whether the apparently 
enhanced expression of fos gene in M4 through M5 cells 
plays a significant role in the leukemogenic process. 
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Canine Pluripotent Hematopoietic Stem Cells and CFU-GM Express 
la-like Antigens as Recognized by Two Different Class II-Specific 
Monoclonal Antibodies 


By Friedrich Schuening, Rainer Storb, Sondra Goehle, Joey Meyer, 
Theodore Graham, H. Joachim Deeg, and John Pesando 


A previous study showed failure of autologous engraftment 
in lethally irradiated dogs when marrow was treated 
before infusion with anti-class Il antibody 7.2 and compile- 
ment. The current study extended this observation to a 
second monocional antibody (HB10a) that identifies a dif- 
ferent determinant on la-like molecules. These results 
suggest the presence of la-like antigens on pluripotent 
hematopoietic stem cells or on “accessory cells” needed 
for sustained engraftment to occur. To distinguish 
between these two possibilities, stem cell-depleted la- 
positive peripheral blood leukocytes obtained by discontin- 
uous albumin density gradient were added as probabie 
source of accessory celis to the marrow inoculum that was 
depleted of la-positive cells by treatment with antibody 7.2 
and complement. Eight of ten dogs failed to show engraft- 
ment. providing further support for the hypothesis that 


HE DLA-D region in dogs is thought to be analogous to 
the I region of the murine major histocompatibility 
complex and to the HLA-D region in man. In both mouse 
and man, these regions code for polymorphic bimolecular 
glycoprotein complexes with molecular weight of approxi- 
mately 29,000 and 34,000 dalton.' There is evidence for the 
expression of Ja-like antigens in the dog consisting of bimo- 
lecular glycoprotein complexes similar to those described in 
man and mouse.’ la-like antigens play a crucial role in 
mediating the cell interactions required in the generation of 
the immune response.’ Murine and human Ia-like antigens 
are expressed on B cells, monocytes, and activated T cells. 
The distribution of Ia-like antigens in dogs appears to differ 
from that reported for mouse and man in that they are 
expressed not only on B lymphocytes, monocytes, and acti- 
vated T cells, but also on most unstimulated T cells.’ 
Expression of la-like antigens has been demonstrated on 
human committed hematopoietic precursor cells BFU-E and 
CFU-GM." Controversial results have been published 
concerning the expression of Ia-like antigens on human 
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pluripotent stem cells and not accessory ceils were 
affected by cytolytic treatment. To provide direct evidence 
for the presence of la-like antigens on canine pluripotent 
hematopoietic stem cells, autologous transplants were 
performed using 0.7 to 13 x 10° la (7.2)—positive marrow 
cells per kg obtained with the help of fluorescence- 
activated cell sorter. Of three evaluable dogs, two showed 
sustained and complete engraftment, indicating that la-like 
antigens, as recognized by anti-—class fl antibody 7.2, are 
expressed at least on part of canine pluripotent hemato- 
poietic stem celis. Concurrent in vitro studies revealed that 
canine CFU-GM also express la-like antigens as recognized 
by the class ll-specific monoclonal antibodies 7.2 and 
HB10a. 

@ 1987 by Grune & Stratton, Inc. 


CFU-E.*19'6715-2527 For lack of an assay for human pluripo- 
tent hematopoietic stem cells, it is not presently possible to 
determine whether la-like antigens are expressed on stem 
cells required for engraftment. Using an in vitro assay for 
multipotential precursor cells (CFU-GEMM) that represent 
primitive precursors of multiple lines of hematopoietic differ- 
entiation, several groups of investigators have shown that 
la-like antigens are expressed on these very immature hema- 
topoietic precursor cells. "7 Controversial results have 
been published concerning the expression of la-like antigens 
on those immature precursor cells responsible for generation 
of committed progenitor cells in liquid long-term hemato- 
poietic cell cultures. "+5 Three genetic loci coding for 
distinct Ia-like molecules have been identified in man, DR, 
DP, and DQ locus. While HLA-DR and DP antigens have 
been detected on human CFU-GM, BFU-E, CFU-meg, 
CFU-GEMM, and, by some investigators, HLA-DR anti- 
gens on progenitor cells in long-term cultures, HLA-DO 
antigens appear not to be expressed on these hematopoietic 
progenitor cells.§!655-* 

The function of la-like antigens on hematopoietic precur- 
sor cells is unknown, although there is evidence that they 
may be involved in mediating suppression and /or stimulation 
of these cells. Our previous studies have suggested but 
not unequivocally demonstrated the presence of la-like anti- 
gens on canine pluripotent hematopoietic stem cells, as 
demonstrated by failure of autologous engraftment in 
lethally irradiated dogs when marrow was treated before 
infusion with monoclonal anti-class H antibody 7.2 and 
rabbit complement.” This result could be due either to the 
presence of la-like antigens on pluripotent hematopoietic 
stem cells or on accessory cells required for sustained stem 
cell engraftment to occur. 

The present study was aimed at distinguishing between 
these two possibilities by using ‘‘addback” of Ia-positive stem 
cell-depleted peripheral blood leukocytes to Ia-negative 
marrow cells and by carrying out grafts with positively 
selected la-positive marrow cells. We also extended our 
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initial observation by using a different monoclonal antibody, 
HB10a, directed against a second epitope on Ia-like antigens. 
Finally, we studied the expression of la-like antigens on 
committed hematopoietic precursor cells giving rise to CFU- 
GM. 


MATERIALS AND METHODS 


Dogs. Beagles, hounds, and mongrels raised at the Fred 
Hutchinson Cancer Research Center or purchased from commercial 
kennels were dewormed, vaccinated against distemper, leptospirosis, 
hepatitis, and parvovirus, and observed for disease for at least 2 
months. The dogs weighed 7.5 to 14.3 (median 10.0) kg and were 7 
to 17 (median 10.3) months old at the time of transplantation. 
Research was conducted according to the principles enunciated in 
the “Guide for Laboratory Animal Facilities and Care” prepared by 
the National Academy of Sciences—National Research Council. 

Monoclonal antibodies (MAbs). MAb 9.6 (IlgG2b)* and mAb 
7.2 (IlgG2b)*' were kindly provided by Dr Paul Martin of this 
institution. MAb 9.6 does not cross react with canine cells' and was 
used as the negative control antibody in immunofluorescence stud- 
ies. MAb 7.2 reacts with HLA-DR antigens and cross reacts with 
la-like antigens on canine cells (Fig 1).°? MAb HB10a (IgG2a),” 
provided by Dr Edward Clark (University of Washington, Seattle), 
recognizes HLA-DR and -DP antigens” and cross reacts with canine 
la-like antigens (Fig 1). 

Identification of canine la-like antigens. Canine peripheral 
blood mononuclear cells were isolated by Ficoll-Hypaque (Pharma- 
cia, Piscataway, NJ) density gradient centrifugation. Cells were 
then cultured in Waymouth’s medium supplemented with Concana- 
valin A (20 g/mL) and 10% canine serum for 48 hours in a 
humidified 7% Co, atmosphere. Washed cells had a viability of 
greater than 90% and were suspended in phosphate-buffered saline 
(PBS) at 30 x 10° cells/mL. Cells were surface labeled with '™I (1 
mCi per 30 x 10° cells) using the lactoperoxidase method as 
described previously.** Labeled cells were washed in PBS supple- 
mented with 5 mmol/L KI and lysed with Tris-HCI buffered Triton 
X-100. Nuclei were pelleted by centrifugation and the lysate applied 
to a Sephadex G-25 column to isolate labeled proteins. Lysates were 
precleared by incubation with Protein A-Sepharose followed by 
centrifugation. Immune precipitation was performed by incubating 
lysate obtained from approximately 1 x 10° cells with additional 
Protein A-Sepharose that had been incubated overnight with the 
appropriate mAb. Radiolabeled samples were eluted from washed 
pellets by heating for three minutes at 95 °C in reducing sample 
buffer. Antigens were resolved by sodium dodecyl sulfate polyacryl- 
amide gel electrophoresis (SDS-PAGE) using a 10% to 15% gra- 
dient slab gel and visualized by autoradiography. 

Total body irradiation, marrow infusion, and postgrafting 
care. Bone marrow was harvested from anesthetized dogs as 
previously described” and treated as described below. After marrow 
aspiration, dogs were given 9.2 Gy of total body irradiation at 7 
cGy/min from two opposing “Co sources.” In vitro treated bone 
marrow was infused within 2 to 14 hours of irradiation. Postgrafting 
parenteral fluids, electrolytes, platelet transfusions, and antibiotics 
were administered as indicated.” All blood products used for 
transfusions were irradiated in vitro (15 Gy) to inactivate pluripo- 
tent stem cells and immunologically competent cells, Hematocrit, 
leukocyte, platelet, and differential counts were obtained daily after 
transplantation. Autopsies with histological examinations were per- 
formed on all dogs that died. 

Cytolytic treatment of bone marrow. l\a-positive bone marrow 
cells were eliminated by treating the marrow with mAb and comple- 
ment (C’) as follows: 

Bone marrow was diluted 1:3 with Waymouth’s medium and 
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Fig 1. Identification of io- 43- 


dinated la-like antigens on ca- 
nine mononuclear cells by 
immune precipitation and SDS- 
PAGE. Characteristic hetero- 
dimeric antigens were identi- 
fied by the HLA class ll-specific 
mAbs used in these experi- 
ments. The following mAbs 
were assayed: A, J-5 (anti- 
CALLA); B, ISCR3; C, 7.2; D, 
9-49; and E, HB10a. Molecular 
weight standards consist of 
“C-labeled ovalbumin (43 kd) 
and carbonic anhydrase (30 kd) 
purchased from New England 
Nuclear. 
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separated by density gradient centrifugation over Ficoll-Hypaque 
(density 1.077) at 1,000 g for 30 minutes. Cells at the interface were 
washed three times, resuspended to 1 x 10° cells/mL in Waymouth’s 
medium, and incubated with Protein A-Sepharose-purified mAb 7.2 
or HB10a (1 mg/10* cells) at room temperature for 60 minutes. The 
cells were then pelleted and the supernatant was stored at —20 °C 
for later testing for residual antibody activity (see below). After 
three further washes, the cells were incubated with undiluted rabbit 
C’ of prescreened batches (absorbed for DR typing, Pelfreeze, 
Rogers, AR; | x 10° cells/50 mL) at room temperature for 60 
minutes. The cells were then washed three times and the incubation 
with C’ was repeated. After three washes, the cell pellet was 
resuspended to 30 mL and infused into the irradiated dog. 

Two dogs received marrow cells obtained by density-gradient 
centrifugation over Ficoll-Hypaque treated twice with C’ only as 
described above but without prior incubation with mAb. 

Immunofluorescence studies. in order to determine the effi- 
ciency of the cytolytic treatment, bone marrow cells were examined 
for la+ cells before and after incubation with mAb and C’ using 
indirect :mmunofluorescence and flow microfluorometry. The stain- 
ing procedure has been described.' Briefly, samples of marrow were 
incubated with mAbs 9.6, 7.2, or HB10a at saturation for 30 minutes 
at 4°C. The cells were then washed and incubated with a 1:20 
dilution of fluorescein isothiocyanate—conjugated F(ab’), fragments 
of goat antimouse IgG (Tago, Burlingame, Calif). After further 
washing, cells were analyzed with a fluorescence-activated cell 
sorter FACS 440 (Becton Dickinson FACS Systems, Sunnyvale, 
Calif). Positively labeled cells were defined as having fluorescence 
greater than background fluorescence using mAb 9.6. 

Cell sorting. To investigate the characteristics of la-positive 
marrow cells, we collected those cells using a FACS 440 cell sorter. 
Bone marrow cells obtained by density gradient centrifugation over 
Ficoll-Hypaque were stained with mAb 9.6, 7.2, or HB10a and 
fluorescein isothiocyanate—conjugated F(ab’), fragments of goat 
antimouse IgG as described above. Cells were then suspended in 
Waymouth’s medium at a concentration of 5 x 10° cells/mL and 
sorted into labeled and unlabeled populations on the FACS 440 ata 
flow rate of 3,000 cells/sec. Fluorescence intensity of the positively 
sorted cells was greater than that of 99% of cells stained with 
irrelevant control mAb 9.6. One dog (C108) receiving 7.2 positive 
autologous marrow cells could not be evaluated because it died in the 
first week after marrow transplantation from intercurrent infection. 

Cell separation by discontinuous albumin density gradient cen- 
trifugation. We used a discontinuous albumin density gradient to 
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deplete or enrich for hematopoietic precursor cells. Peripheral! blood 
lymphocytes and bone marrow cells were separated by density 
gradient centrifugation over Ficoll-Hypaque. Interface cells were 
treated with hemolytic buffer (0.155 mol/L ammonium chloride) 
and separated by a discontinuous albumin density gradient as 
described by Dicke.” The stock solution of bovine serum albumin 
(BSA; 35%) was made using Sigma Fraction V Powder (Sigma 
Chemical Co., St Louis, Mo). Eighteen mL of a 27% (w/v) BSA 
solution in Tris buffer were placed in a glass tube (17 x 2 cm) and 
followed sequentially by 3.75 mL aliquots of solutions containing 
25%, 23%, 21%, and 19% BSA. The cell suspension was layered in 9 
mL of 17% BSA on top of the gradient. Total cell load per gradient 
was 0.1 to 1.3 x 10°. The osmolality of the Tris buffer and the 
albumin stock solution was 350 mosmol. The gradient was then 
centrifuged at 1,000 g for 30 minutes at 10 °C. 

CFU-E assay. CFU-E assays were carried out as described "4 
Briefly, bone marrow cells were cultured at a concentration of 2 x 
10° cells/0.1 mL plasma clot together with PBL at a concentration of 
2 x 10° ceils/clot. Cells were incubated for 72 hours in the presence 
of 1.0 U of erythropoietin (Step HI, sheep plasma. Connaught Lab, 
Willowdale, Canada) per 1 mL of culture medium. Clots were 
harvested, fixed on glass slides, and stained with benzidine. Aggre- 
gates of eight or more hemoglobinized cells were counted as 
erythroid colonies. 

CFU-GM. CFU-GM were carried out as described.” 0.075 x 
10° mononuclear bone marrow cells separated over Ficoll-Hypaque 
gradient have been cultured per plate for ten days at 37°C in a 
humidified 10% co, incubator in 35 mm plastic Petri dishes contain- 
ing 2 mL of agar medium. The agar medium consisted of an equal 
volume mixture of 0.6% (w/v) Bacto-agar (Difco, Detroit, Mich) 
and double-strength Dulbecco’s Modified Eagle’s Medium (GIB- 
CO, Grand Island, NY) containing 40% (v/v) heat-inactivated 
human AB plasma. PHA-stimulated lymphocyte-conditioned 
medium was added to the Petri dishes (0.1 mL/plate) prior to the 
agar-medium mixture containing the bone marrow cells. 
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RESULTS 


Autologous transplants with marrow treated by mAb 7.2 
and C’ and added stem cell-depleted la-positive peripheral 
blood leukocytes. We first showed that treatment of mar- 
row with C’ alone does not interfere with engraftment (Table 
1, dogs C46 and C142). Then, in confirmation of results by 
others, we determined that peripheral blood leukocytes from 
fraction 5 of albumin density gradient were depleted of 
hematopoietic stem cells insofar as they failed to achieve 
hematopoietic reconstitution after lethal irradiation {Table 
1, dog C86). By further characterizing peripheral leukocytes 
in fraction 5 using differential counts and flow microfluor- 
ometry, we showed that 63 + 11% of the cells are lympho- 
cytes, 4 + 2% monocytes, 34 + 11% polymorphonuclear 
granulocytes, and that 72 + 18% of the cells reacted with 
anti-class H mAb 7.2, 78 + 15% with anti-class I mAb 
HB10a, and 66 + 11% with anti-Thyl mAb F3-20-7 (data 
represent mean value + | SD of three independent experi- 
ments). 

Next, 10 dogs received marrow cells treated in vitro with 
mAb 7.2 and C’ before infusion. The number of mononuclear 
marrow cells infused after in vitro treatment ranged from 0.2 
to 2.4 x 10°/kg (Table 1). In addition, eight of the 10 dogs 
received between 0.04 to 0.9 x 10°/kg of Ia-positive periph- 
eral blood leukocytes from fraction 5 of albumin density 
gradient. To increase the number of stem cell-depleted 
la-positive peripheral blood leukocytes, two of the 10 dogs 
received cells from albumin density gradient fractions 4 and 
5 (Table 1, dogs C122 and C115). 

In two of the 10 dogs, marrow incubation with mAb 7.2 
and C’ was carried out at 5 °C (dogs C106 and C107). This 


Table 1. Results in Dogs Given 9.2 Gy Total Body Irradiation and Infusion of Autologous Bone Marrow Treated With Complement Only 
(Group 1), Stem Cell-Depleted la + Peripheral Blood Leukocytes Only (Group 2), Autologous Bone Marrow-Treated With 
mAb 7.2 and Complement. and Stem Cell-Depleted la + Peripheral Blood Leukocytes {Group 3) 
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Group/ incubation pines ot eee see CN. meh : & Sustained a Survival 
Dog No. Temp (x10°"/kg} Pretreatment Posttreatment Pretreatment Posttreatment {x 107~*/kg) Graft at Autopsy fe) 
Group 1 
C46 Room temp 1.3 —_ — — — — Yes _ >60 
C142 Room temp 0.8 = mm — a _ Yes a > BO 
Group 2 
C 86 — None — — — ~ Frac 5: 0.04 No No 9 
Group 3 
C106 § °c 2.4 15 4 4 0 Frac 5: 0.9 Yes -l >80 
C107 5 °C 0.6 11 14 14 14 Frac 5: 0.1 Yes — >90 
C110 Room temp 0.5 11 O 15 0 Frac 5: 0.06 No No 8 
C114 Room temp 0.16 7 o 6 0 Frac 5: 0.07 No No 18 
C126 Room temp 0.4 16 0 17 0 Frac 5: 0.12 No No 11 
C111 Room temp 0.2 28 2 43 0 Frac 5: 0.10 No No 11 
C45 Room temp 0.4 9 0 13 o Frac 5: 0.04 No No 12 
C58 Room temp 0.4 35 0 12 0 Frac 5: 0.14 No Yes 21 
C122 Room temp 0.3 25 2 19 0 Frac 5: 0.2 No No 14 
+ Frac 4: 0.3 
C115 Room temp 0.8 21 1 5 0 Frac 5: 0.2 No Yes 9 
+ Frac 4: 0.2 
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*Expressed as percentage of a total of 4,000 cells counted by flow microfiuorometry whose fluorescence exceeded a gate defining the negative 
contro! population (stained with irrelevant mAb 9.6), corrected for the percentage of the negative contro. 
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Table 2. Enrichment for Hematopoietic Precursor Celis From 
Canine Marrow by Albumin Density Gradient* 





CFU-GM CFU-E 
(Per 10° BMC}+ (Per 10° BMC}t 
Unseparated marrow 106 +4 151 + 59 
Fraction 1 91 54 + 25 
Fraction 2 41+4 85 + 17 
Fraction 3 2176 + 227 3275 + 340 
Fraction 4 335 + 15 211+ 41 
Fraction 5 312 1 57 





*Data give representative examples of three independent experi- 
ments. 

tCultures were plated in triplicate (CFU-GM) or sixfold (CFU-E). 
Colony numbers represent mean value + 1 SD. 


resulted in incomplete killing of la-positive marrow cells as 
documented by the finding of 7.2 and HB10a-positive cells 
subsequent to marrow incubation (Table 1). Both dogs 
showed sustained and complete hematopoietic engraftment. 
In the remaining eight dogs, marrow was treated at room 
temperature, which resulted in complete elimination of Ia- 
positive cells as detected by mAb 7.2 and HB10a in 5 dogs 
and only 1% to 2% residual Ia-positive cells in 3 dogs as 
detected by mAb 7.2. These eight dogs failed to show 
sustained hematopoietic engraftment despite the addition of 
la-positive peripheral blood mononuclear cells. Supernatants 
from marrow treated with mAb 7.2 and C’ were tested for 
residual antibody by incubating | x 10° normal canine 
peripheral blood mononuclear cells with 100 «L of the 
supernatants and then fluorescein isothiocyanate-conju- 
gated F(ab’), fragments of goat antimouse IgG. All superna- 
tants reacted with the target cells, confirming that conditions 
of antibody excess were met. 

Autologous transplants with la (7.2)-positive marrow 
cells obtained by fluorescence-activated cell sorting. Addi- 
tional studies were designed to provide direct evidence for the 
presence of Ia-like antigens on canine pluripotent stem cells. 
Marrow cells were separated by Ficoli-Hypaque gradient 
and then split into fractions using the discontinuous albumin 
density gradient. A marked enrichment of committed hema- 
topoietic precursor cells, CFU-GM and CFU-E, was seen in 
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fraction 3 of the gradient (Table 2). Autologous transplants 
of cells from fraction 3 resulted in prompt, sustained, and 
complete hematopoietic engraftment (Table 3, dogs C116 
and C141). To exclude the possibility, that coating of 
marrow cells with mAb 7.2 interferes with engraftment, we 
performed autologous transplants using marrow cells incu- 
bated with mAb 7.2 in the absence of C’. Both dogs so treated 
showed sustained engraftment (Table 3, dogs C124 and 
C117). 

Marrow cells obtained in fraction 3 of the albumin density 
gradient were then stained at saturation with antibody 7.2 
and flucrescein isothiocyanate-conjugated F(ab’), frag- 
ments of goat antimouse IgG. 7.2-positive cells were selected 
on the fuorescence-activated cell sorter and infused into 
lethally irradiated autologous recipient. FACS analysis after 
cell sort demonstrated that 99% of the positively sorted cells 
had fluorescence intensity greater than that of cells stained 
with irre evant control mAb 9.6. Transplantation results are 
shown in Table 3, group 3. Dog C134 received 0.007 x 10° 
cells/kg body weight. This dog showed a rise in white blood 
cell count on day 9 after marrow transplant, with 60% of the 
cells being granulocytes. The dog died on day 11 after 
marrow ‘transplant due to septicemia. Marrow histology at 
autopsy showed 2% of normal cellularity identifying myeloid 
as well as erythroid precursor cells. In order to increase the 
number of 7.2-positive marrow cells transplanted into the 
dogs, we increased the duration of the cell sort and used two 
cell sorters simultaneously. As a result dogs C228 and C281 
received 0.03 and 0.13 x 10® marrow cells/kg body weight, 
respectively. Both dogs showed sustained hematopoietic 
engraftment and are now surviving longer than 210 days 
after marrow transplant with complete recovery of marrow 
function. Speed of neutrophil and platelet recovery was 
prolonged compared to control dogs and varied depending on 
number of marrow cells transplanted. Dog C228 receiving 
0.03 x (0° marrow cells/kg body weight had granulocyte 
counts above 1,000 granulocytes/uL on day 26, compared to 
a median of 12 days (range 8 to 14 days) in controls.” 
Platelet counts were above 20,000 platelets per uL on day 52 
(median in control dogs day 15, range 11 to 23 days). Dog 
C281 receiving 0.13 x 10° marrow cells/kg body weight had 


Table 3. Autologous Marrow Transplants in Dogs Given 9.2 Gy Total Body irradiation and Infusion of (Group 1} Fraction 3 
of Albumin Density Gradient, (Group 2) Marrow Cells Coated With Monocional Antibody 7.2 Without Complement, 
(Group 3) 7.2 + Marrow Cells Sorted Out With FACS 440 


Marrow Cell # Method to Preenrich 

Group/ Infused for Stem Celis 

Dog # {x 10° */kg) Before Cell Sort 
Group 1 

C116 frac 3:0.3 oe 

C141 frac 3: 0.25 ae 
Group 2 

C124 7.2 coated: 1.0 — 

C117 7.2 coated: 1.0 n 
Group 3* 

C134 7.2 +: 0.007 frac 3 

C228 7.2+:0.03 frac 3 

C281 7.2+:0.13 frac 3 
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Histological Signs 


Sustained of Engraftment Survival 
Graft at Autopsy id) 
Yes — > 60 
Yes —_ >60 
Yes = >60 
Yes = >60 
No Yes 11 
Yes oe >210 
Yes — >210 


*Fluorescence intensity of the positively sorted cells was greater than that of 99% of cells stained with irrelevant control mAb 9.6. 
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>1000 granulocytes/uL already on day 16 and >20,000 
platelets/uL on day 38. 

Autologous transplants with bone marrow treated in vitro 
with mAb HB10a and C’. In an attempt to extend our 
previous results obtained with mAb 7.2, we performed 
autologous transplants using marrow treated with a different 
anti-class II mAb, HB10a, and C’. Both mAbs identify 
characteristic heterodimeric complexes by immune precipi- 
tation on iodinated Ia-positive canine cells (Fig 1). MAb 
HB10a identifies both HLA-DR and -DP molecules on 
human cell populations on which mAb 7.2 is HLA-DR 
specific, indicating that these two mAbs identify different 
antigenic determinants.** This conclusion is further sup- 
ported by the observation that these two Ia-specific mAbs 
differ in their cross reactivity with additional animal species 
(Ladiges et al, unpublished). It remains to be determined 
whether or not these two mAbs identify distinct populations 
of la-like molecules in the dog. Four of five dogs failed to 
show sustained hematopoietic engraftment (Table 4). The 
fifth dog (C120) had slow recovery of granulocyte and 
platelet counts after marrow transplantation, Granulocyte 
counts were above 1,000 granulocytes/uL on day 26, com- 
pared to a median of 12 days (range 8 to 14 days) in 
controls.*! Platelet counts were above 20,000 platelets /uL on 
day 42 (median in control dogs, day 15, range 11 to 23 
days). 

Hematopoietic in vitro studies. Concurrent in vitro 
studies revealed that treatment of marrow cells with mAb 7.2 
and C’ as well as with mAb HB10a and C’ impaired growth 
of CFU-GM (Table 5). Expression of Ia-like antigens by 
CFU-GM was in addition examined by sorting 7.2-positive 
and -negative marrow cells and plating them in CFU-GM 
assay. Only 7.2-positive marrow cells showed growth of 
CFU-GM (Table 5). Similar results were obtained after 
plating HB10a-positive and -negative marrow cells in CFU- 
GM (Table 5). 


DISCUSSION 


We have previously shown that dogs given lethal total 
body irradiation and an infusion of autologous marrow 
treated in vitro with anti-class Il mAb 7.2 and rabbit C’ 
failed to achieve hematopoietic reconstitution.” In our pres- 
ent study, we extended these observations with mAb 7.2 toa 
different anti-class H mAb, HB10a, which recognizes HLA- 
DR and -DP antigens” and cross reacts wtih Ia-like antigens 
on canine cells (Fig 1). These results provide additional 
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circumstantial evidence favoring the presence of la-like 
antigens on canine pluripotent stem cells. 

Another explanation for the failure of engraftment seen 
with antibody-treated autologous marrow is that Ia-like 
antigens are not expressed on pluripotent hematopoietic stem 
cells but rather on “accessory” cells required for stem cells to 
engraft. We tried to distinguish between these two possibili- 
ties by adding stem cell-depleted Ia-positive peripheral blood 
leukocytes to a marrow inoculum that was depleted of 
la-positive cells, thereby presumably providing accessory 
cells. As it is possible to achieve complete marrow repopula- 
tion after otherwise lethal total body irradiation with periph- 
eral blood cells only, this cell population contains stem cells 
as well as accessory cells and therefore can be used as a 
source for accessory cells. However, eight of ten dogs so 
treated failed to show sustained hematopoietic engraftment. 
This result provided further support for our hypothesis that 
la-like antigens as detected by anti—class H mAb 7.2 are 
expressed on canine pluripotent stem cells. The sustained 
engraftment seen in two of the ten dogs was most likely due 
to the fact that incubation with antibody and C’ was carried 
out at 5°C rather than at room temperature, resulting in 
incomplete elimination of la-positive cells from the marrow. 

It is possible, of course, that if those dogs receiving 
la-depleted marrow had survived longer, reconstitution of 
hematopoiesis might have occurred. With existing supportive 
measures, this possibility cannot presently be investigated. 
We therefore tried to test the hypothesis of expression of 
la-like antigens on pluripotent canine stem cells directly by 
carrying out grafts with marrow cells positively selected for 
[a-like antigens as detected by anti~class I] mAb 7.2 using 
the fluorescence-activated cell sorter. Of the evaluable three 
dogs, one had only transient hematopoietic engraftment, 
most likely due to very low marrow cell numbers infused 
(7 x 10°/kg). With an increase in the duration of the cell 
sort, we increased the number of Ia-positive marrow cells 
transplanted. Two subsequent dogs given 3 and 13 x 10° 
la-positive marrow cells/kg showed sustained and complete 
hematopoietic engraftment. This result is in keeping with our 
hypothesis, and provides direct evidence for the expression of 
la-like antigens as detected by anti-class H mAb 7.2 on at 
least part of pluripotent canine hematopoietic stem cells. 

Prendergast et al® recently described complete although 
slow marrow recovery in a total of 7 out of 10 dogs after 
lethal TBI and infusion of autologous la-depleted marrow 
using a different anti-class II mAb (WM-2). These results 
are in contrast to what we have seen using two different 


Tabie 4. Results in Dogs Given 9.2 Gy Total Body Irradiation and Infusion of Autologous Marrow Treated 
With Monoclonal Antibody HB10a and Complement 


pinche ‘a ee eee T2 Seer Sustained peracid Survival 
Dog # {x 10° ®/kg) Pretreatment Posttreatment Pretreatment Posttreatment Graft at Autopsy id} 
C173 1.4 ND ND ND ND No No 6 
B935 1.0 ND ND ND ND No No i3 
C1290 1.7 20 3 13 1 Yes aee >60 
BC 5 0.2 43 3 10 3 No No 17 
C146 0.5 28 0 10 0 No No 14 


ALANINA DAAN I hte be ble donee naa aaa yA 


*Expressed as percentage of a total of 4,000 cells counted by flow microfluorometry whose fluorescence exceeded a gate defining the negative 
control population (stained with irrelevant mAb 9.6}, corrected for the percentage of the negative control. 
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Table 5. Effect of Anti-la—antibody Pius Complement Treatment on the Growth of CFU-GM of Dog Marrow Cells (Experiment 1): 
in Vitro Culture Results of la+ and la — Canine Marrow Celis as Detected by Monoclonal Antibodias 7.2 and HB10a 
After Cell Sort on FACS 440 (Experiment 2) 














Colony Number After Treatment With* % Inhibition 
C Only 724+ HB 10a + C 724C HB10a + C 
Experiment 1 116 + 17 0.4 + 0.7 0.4 + 0.7 
CFU-GM (per 10° BMC) 278 + 114 28 5 +2 96+ 4 99 + 1 
55 + 6 0.9 + 0.6 0 
7.2 + BMC* 7.2 — BMC* HB 10a + BMC* H810a ~ BMC* 
Experiment 2 135 + 19 0 34+ 12 0 
CFU-GM (per 10° BMC} 96 + 14 O ~ = 
56 +7 0 m — 





*Cultures were plated in triplicate. Cell number plated after treatment with mAb + C’ was adjusted to cell count after treatment with C’ only. Colony 


numbers represent mean value + 1 standard deviation. 


+Data represent % inhibition of antibody plus complement-treated cells compared to calis treated with complement only. 


anticlass H mAbs and may either be due to incomplete 
elimination of la-positive marrow cells or to differential 
expression of la-like antigens as recognized by mAbs 7.2, 
HB10a, and WM-2 on canine pluripotent hematopoietic 
stem cells. Efficiency of removal of Ia-positive marrow cells 
was analyzed by fluorescence microscopy counting 200 cells 
rather than by fluorescence-activated cell sorter counting 
4,000 cells. Engraftment was seen only in those dogs receiv- 
ing a relatively high mean cell dose of 9.4 x 10’/kg 
compared to those dogs that failed engraftment (mean cell 
dose 3.5 x 10’/kg), suggesting that the first group might 
have received a sufficient number of remaining Ia-positive 
marrow cells to allow marrow recovery. Unfortunately the 
authors did not provide data of transplants performed with 
marrow cells positively selected for la-like antigens as 
detected by mAb WM-2. 

Detection of Ia-like antigens on most of human committed 
hematopoietic precursor cells,49'?-'*'°19262" and the dem- 
onstration of la-like antigens on human B lymphocytes and 
monocytes?“ as well as on human lymphocytic and myelo- 
cytic leukemia cells,°** have prompted the suggestion that 
human pluripotent hematopoietic stem cells also express 
la-like antigens. For lack of an assay for human pluripotent 
hematopoietic stem cells, it is not presently possible to prove 
this hypothesis directly. An in vitro assay for multipotential 
progenitor cells (CFU-GEMM, colony-forming units: gran- 
ulocyte, erythroid, monocyte, megakaryocyte) has been 
developed.“ These human multipotential progenitors may be 
closely related to murine CFU-S in that they represent 
primitive precursors of multiple lines of hematopoietic differ- 
entiation. Several groups of investigators have shown that 
la-like antigens are expressed on these very immature hema- 
topoietic precursor cells.*/''!’’> Controversial results have 
been published concerning the expression of Ia-like antigens 
on those immature precursor cells responsible for prolifera- 
tion of committed progenitor cells in liquid long-term hema- 
topoietic cell cultures. Moore et al” could not identify Ia-like 
antigens on those progenitor cells in long-term cultures. 
However, Andrews et al” found inhibition of hematopoietic 
precursor cells in a similar long-term culture system after 
treatment with anti- HLA-DR antibody and C’. Keating et 
alt could not detect Ia-like antigens on precursor cells 
responsible for the proliferation of CFU-GM in a different 


(one stage) long-term culture system. In all these studies, 
only depletion techniques were used to identify la-like anti- 
gens on precursor cells, giving rise to long-term culture 
systems. Recently, Falkenburg et al” showed the expression 
of HLA-DR determinants on precursor cells responsible for 
sustained proliferation of CFU-GEMM, BFU-E, and CFU- 
GM in liquid long-term cultures, using both fluorescence- 
activated cell sorting and C’-dependent cytotoxicity assays. 
Three genetic loci coding for distinct Ia-like molecules have 
been identified in man, DR, DP, and DQ locus. While 
HLA-DR and DP antigens have been detected on human 
CFU-GM, BFU-E, CFU-meg, CFU-GEMM, and, by some 
investigators, HLA-DR antigens on progenitor vells in long- 
term cultures, HLA-DQ antigens appeared not to be 
expressed on these hematopoietic progenitor cells.*!°°*** 
However, a recent publication by Sparrow et al describes 
expression of HLA-DQ antigens on three subpopulations of 
CFU-GM.” 

Using the CFU-S assay in mice, Basch et alf have 
reported that a heteroantiserum against la antigens was not 
reactive with murine CFU-S in cytotoxicity and fluores- 
cence-activated cell sorting studies. They concluded that 
CFU-S lack la antigens. Recent evidence, however, suggests 
that the situation is more complex. The murine I region is 
composed of at least five subregions.” Murine la antigens 
encoded by the I-E subregion have amino acid homology 
with human DR antigens.” Fitchen et al” found no effect of 
monoclonal antibodies against I-A subregion gene products 
on CFU-S, but potent inhibition of these cells by anti~I-E 
subregion heteroantibodies and C’. These observations sug- 
gest that murine pluripotent hematopoietic stem cells express 
I-E subregion antigens (equivalent to human HLA-DR) but 
not I-A subregion antigens (equivalent to human HLA-DQ). 
Performing autologous marrow transplants in rhesus mon- 
keys, Gerritsen et al” observed graft failure after incubating 
the marrow with a combination of anti~-RhLA-DR7 antibod- 
ies and C’, suggesting that the RhLA-DR7 antigen is present 
on the kematopoietic stem cells of the rhesus monkey. Our 
previous” and present results in dogs, showing that Ia-like 
antigens as detected by anti-class H mAb 7.2 are expressed 
at least on part of canine pluripotent hematopoietic stem 
cells, are therefore in agreement with observations reported 
for human multipotential progenitor cells and for hemato- 
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poietic stem cells of mice and rhesus monkeys. Most impor- 
tantly, we showed this to be true not only by methods of 
negative selection but also by demonstrating complete hema- 
topoietic reconstitution with transplants of cells positively 
selected for expression of la-like antigens as detected by 
anti-class H mAb 7.2. 

Concurrent in vitro studies revealed that canine CFU-GM 
also express la-like antigens as recognized by two mAbs (7.2 
and HB10a) that identify different determinants on canine 
la-like molecules. We showed this by employing positive and 
negative selection for the appropriate cells. 

Results on canine CFU-GM are in agreement with those 
reported for man. Both with C’-dependent cytotoxicity 
assays and fluorescence-activated cell sorting, Ia-like anti- 
gens were demonstrated on human CFU-GM using poly- 
clonal and monoclonal antibodies.4°:'2-74#:!619.20.26.59 

Our findings indicate that la-like antigens, recognized by 
anti-class H antibody 7.2, are expressed on most true 
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pluripotent hematopoietic stem cells in the dog. This seems to 
be relevant for clinical bone marrow transplantation. Both 
human and canine lymphoma cells express la-like antigens, 
and transplantation of autologous marrow purged of la- 
positive tumor cells seems an attractive treatment modality. 
Present results suggest that this may not be safe. At the 
present time, it is uncertain whether true pluripotent hema- 
topoietic stem cells in man are la positive or negative and, if 
la positive, whether they express only HLA-DR but not 
HLA-DQ, thus allowing selective removal of HLA-DQ- 
positive neoplastic cells. 
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Interaction of Ristocetin and Bovine Plasma With Guinea Pig Megakaryocytes: 
A Means to Enrich Megakaryocytes Based on Membrane 
Rather Than Physical Characteristics 


By Carl W. Jackson, Shirley A. Steward, Nancy K. Hutson, and Richard A. Ashmun 


We have investigated whether megakaryocytes can be 
aggregated by ristocetin and bovine plasma and whether 
such aggregation can be used as a step in the purification of 
megakaryocytes from marrow cell suspensions. Guinea pig 
marrow cell suspensions were first enriched for mega- 
karyocytes by density equilibrium centrifugation in contin- 
uous Percoll density gradients. The megakaryocyte- 
enriched marrow was stirred in a platelet aggregometer to 
which ristocetin or bovine plasma was added. Megakaryo- 
cytes were aggregated by both ristocetin and bovine 
plasma with the proportion aggregated being related to the 
concentration of ristocetin or bovine plasma. Maximal 
aggregation (>90% of megakaryocytes) was achieved with 
2.0 mg/mL ristocetin or 5% bovine plasma and required 
five minutes. All maturation stages of morphologically 
recognizable megakaryocytes were aggregated. The mega- 
karyocyte aggregates were separated from the marrow 
suspension by sedimentation at 1 g and the megakaryo- 
cytes disaggregated by dilution with media (ristocetin 


IGHLY purified populations of megakaryocytes are 
required to study many aspects of megakaryocyte 
differentiation. Most methods of megakaryocyte enrichment 
employ a sedimentation step in which megakaryocytes are 
separated from other marrow cells by virtue of their larger 
size. !! Small megakaryocytes that tend to be immature may 
be selectively lost by such procedures." This problem might 
be overcome if both large and small megakaryocytes could be 
specifically aggregated so that all megakaryocytes would 
sediment together. The observation that bovine von Wille- 
brand factor (VWF)'*"'* alone and ristocetin'’ in the presence 
of vWF" will aggregate human as well as guinea pig” 
platelets suggested the possibility that megakaryocytes also 
might be aggregated by these reagents. Platelets so aggre- 
gated can be disaggregated if the platelet release reaction is 
inhibited during aggregation.” In this study, we have exam- 
ined whether guinea pig megakaryocytes can be aggregated 
by bovine plasma and ristocetin and whether such aggrega- 
tion can be used as a step in the purification of megakaryo- 
cytes. 


MATERIALS AND METHODS 


Young adult male guinea pigs of the Hartley strain were 
purchased from Hazelton Research Animals (Denver, Pa) or 
Charles River Breeding Labs (Wilmington, Mass). Ristocetin was 
purchased from Curtin Matheson Scientific, Inc. (Houston, Tex) 
and citrated bovine plasma from Hyclone Laboratories (Logan, 
Utah). Purified bovine von Willebrand factor was a generous gift of 
Dr E.P. Kirby, Temple University, Philadelphia, Pa. Normal por- 
cine plasma and plasma from a pig with von Willebrand disease were 
a generous gift of Drs L.A. Solberg and E.J.W. Bowie, Mayo Clinic, 
Rochester, Minn. Percoll density media was obtained from Pharma- 
cia Fine Chemicals (Piscataway, NJ) and autoclaved before use. 
Fetal calf serum was obtained from GIBCO (Grand Island, NY). 

Collection of marrow and preparation of megakaryocyte- 
enriched marrow cell suspensions by density fractionation. Guin- 
ea pigs were killed by exsanguination under ether or sodium thiamy- 
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aggregated) or addition of dextran sulfate (bovine plasma 
aggregated). Megakaryocyte purity and recovery were 
higher with bovine plasma than with ristocetin. A mean of 
92% of the megakaryocytes in the bovine plasma aggre- 
gated cell suspensions were recovered with megakaryo- 
cytes constituting an average of 76% of the final cell 
suspensions. The viability as well as the diameters and 
DNA content distribution of these megakaryocytes were 
similar to those of the starting population. We conclude 
that guinea pig megakaryocytes behave like platelets in 
that they can be aggregated with ristocetin or bovine 
plasma and that megakaryocyte aggregation induced by 
ristocetin or bovine plasma provides a means to enrich 
these cells based on membrane rather than physical char- 
acteristics. This approach yields purified megakaryocyte 
populations that are representative of those in unfraction- 
ated marrow. 

® 1987 by Grune & Stratton, Inc. 


lal anesthesia. Blood was collected from the dorsal aorta inte 0.1 
mmol/L acid citrate and plasma prepared. Marrow from tibias, 
femurs, and humeri was flushed with 2.5 mL of CATCH media? 
containing DNAse If and suspended by gentle pipetting using 
Pasteur pipettes siliconized with Prosil 28 (PCR, Inc., Gainesville, 
Fla). Unless indicated otherwise, later references to CATCH media 
indicate the above formulation. Cell concentration was determined 
using a hemacytometer. Initial enrichment of megakaryocytes was 
achieved by equilibrium density centrifugation in Percoll density 
gradients based on the studies of Rabellino et al’ who found that 
human megakaryocytes had a lower buoyant density than 90% of the 
other marrow cells. Stock Percoll density media was made isotonic 
with 10X Hanks’ balanced salt solution (BSS) without Mg** and 
Ca*~ and diluted to the desired concentration with CATCH media. 
A 10 mL continuous linear gradient made of 0% to 36% Percoll 
density media with a gradient density range of 1.02 to 1.05 g/mL. 
was formed on top of 2 mL of 45% Percoll in a 15 mL plastic 
centrifuge tube. The continuous gradient was constructed using a 
linear gradient maker with 5 mL of the above pooled marrow 
suspension in the low density chamber and 5 mL of 36% Percoll in 
the high density chamber. A continuous rather than a discontinuous 
density gradient was used so as to minimize contact of megakaryo- 
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cytes with each other. The gradient was centrifuged for 20 minutes 
at 1,000 g at room temperature and the top 10 mL removed 
including cells in the 36%:45% Percoll interface, diluted 1:1 with 
CATCH media and the cells pelleted (600 x g). More than 95% of 
the megakaryocytes were present in this fraction. The supernatant 
was discarded and the cells resuspended in CATCH media with 12.5 
mmol/L Na, EDTA" to prevent activation (for aggregation studies 
with bovine plasma) or in CATCH media with various concentra- 
tions of fresh, citrated guinea pig plasma plus 5 mmol/L Na, 
EDTA” and usually 5% fetal calf serum (for ristocetin aggrega- 
tion). 

Aggregation studies with ristocetin and bovine plasma. The 
megakaryocyte-enriched cell suspension (usually 0.7 mL) was 
stirred (1,200 rpm) in a platelet aggregometer (Chrono-Log Corp., 
Havertown, Pa) at 37 °C in a “0.312” diameter siliconized cuvette to 
which various concentrations of ristocetin or bovine plasma were 
added. Megakaryocyte aggregation was assessed using phase 
microscopy by comparing in hemacytometer chambers, the number 
of single megakaryocytes before and after reaction with ristocetin or 
bovine plasma. 

Enrichment of aggregated megakaryocytes. For enrichment 
using bovine plasma, megakaryocytes in 700 uL of density-fraction- 
ated cell suspension were aggregated with 5% bovine plasma for five 
minutes. The cuvette was then removed from the aggregometer, 
placed in a vertical position, and the cells allowed to sediment seven 
minutes (found to be the optimal time for sedimentation of mega- 
karyocyte agggregates). The supernatant cell suspension was 
removed and discarded. The sedimented cells were resuspended in 
600 uL of CATCH media with 12.5 mmol/L EDTA and 5% bovine 
plasma and sitrred in the aggregometer 30 seconds. The cuvette was 
removed from the aggregometer and the cell suspension was under- 
laid with 600 uL of 3% Percoll in CATCH media with 12.5 mmol/L 
EDTA and 5% bovine plasma. The cells were allowed to sediment 
seven minutes (found to be the optimal time) after which the 
supernatant cell suspension was removed. The sedimented cells were 
resuspended in CATCH media with EDTA and bovine plasma, 
stirred, underlaid with the 3% Percoll media as above, and allowed to 
sediment seven minutes. The sedimented cells were resuspended in 5 
mL of CATCH media to which 60 ug/mL of dextran sulfate (stock 
solution = 1 mg/mL in Hanks’ BSS without Ca** and Mg*” ) was 
added. The cell suspension was allowed to stand at least ten minutes. 
The cells were then concentrated by centrifugation (100 g for five 
minutes) and resuspended in 0.5 to 1.0 mL of CATCH media for 
counting, trypan blue exclusion studies, and collection of cells onto 
slides by cytocentrifugation (Cytospin 2, Shandon Southern Instru- 
ments, Inc., Sewickley, Pa). The cytocentrifuge preparations were 
stained with modified Wright’s stain (Hema-Tek stain pak #4481, 
Miles Scientific, Naperville, HI) on a Hema-Tek automatic slide 
stainer, and the percentage of morphologically recognizable mega- 
karyocytes determined to assess megakaryocyte purity. 

To compare megakaryocyte enrichment achieved with ristocetin 
as the aggregating agent to that with bovine plasma, megakaryo- 
cytes in CATCH media with 15% guinea pig plasma, 5% fetal calf 
serum, and 5 mmol/L EDTA were aggregated with 1.75 mg/mL 
ristocetin for five minutes followed by three differential sedimenta- 
tions as described above. For the second and third sedimentations, 
the sedimented cells were resuspended in 600 uL of CATCH media 
containing 2.0 mg/mL ristocetin, 15% citrated guinea pig plasma, 
5% fetal calf serum, and 5 mmol/L Na, EDTA. After stirring for 30 
seconds, the cells were underlaid with 600 uL of 3% Percoll in 
CATCH media with the ingredients just described. After the third 
sedimentation, the megakaryocytes were disaggregated by suspend- 
ing in 5 mL of CATCH media. The use of 1.75 mg/mL ristocetin 
during the aggregation step was chosen to give optimal aggregation 
with minimal plasma protein precipitation. The megakaryocyte 
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aggregates were better maintained and final megakaryocyte recov- 
ery was higher if the ristocetin concentration was slightly higher (2.0 
mg/mL) curing the second and third sedimentations. 

Electroa microscopy. Samples were fixed in 2% glutaraldehyde 
in 0.1 mol/L cacodylate buffer at 4 °C overnight and postfixed with 
osmium tetroxide for one hour. The samples were dehydrated in 
ethanol ard embedded in resin. Sections were cut and stained 20 
minutes in aqueous uranyl acetate, then 20 minutes in Reynolds lead 
stain, 

Measurement of megakaryocyte diameters. For diameter mea- 
surements, cells suspended in CATCH media were placed on 
hemacytometers and visualized by phase-contrast microscopy. 
Diameters of 75 megakaryocytes in each sample were measured 
using an eye piece micrometer. 

Analysis of DNA content distributions of megakaryocytes by 
two-color flow cytometry. The DNA content distributions of 
megakaryocytes in marrow cell suspensions doubly stained with 
platelet antibody and propidium iodide were analyzed by two-color 
flow cytometry as previously described.” Briefly, megakaryocytes 
were specifically labeled with heterologous rabbit antiguinea pig 
platelet ar tiserum by indirect immunofluorescence using FITC-goat 
antirabbit IgG / F(ab’), (green fluorescence; Tago, Inc., Burlingame, 
Calif) as the second antibody. One- to two-tenths mL of platelet- 
depleted guinea pig RBCs were added to the final megakaryocyte 
suspension after incubation with the platelet antibody to act as a 
cushion during the washing steps since the purified megakaryocytes 
were quite fragile. The platelet antiserum was prepared as previously 
outlined.? After adsorption with guinea pig red cells, the antibody 
was bound to guinea pig platelets in EDTA, the platelets washed, 
and the bound antibody eluted with glycine-HCl-saline buffer (pH 
2.0) to ensure platelet specificity. The eluted antibody was buffered 
with phos hate buffer. DNA was stained with propidium iodide (red 
fluorescence) in hypotonic citrate solution.” Each stained sample 
was incubated with RNase (Bovine pancreas, 50 ug/mL, Calbio- 
chem-Bet ring, San Diego, Calif) for 30 minutes at room tempera- 
ture prior to flow cytometric analysis to remove RNA-associated 
propidium iodide staining. The DNA content distribution of mega- 
karyocytes was selectively determined by two-color, green-gated 
flow cytometric analysis, in which the red and green fluorescence 
emissions of all cells were analyzed, but only the red fluorescence 
(DNA content) of cells that specifically bound the platelet antibody 
was recorded. The green gate for analysis of all samples was selected 
by examining the green fluorescence distribution of cells with DNA 
contents =8N in unfractionated marrow. The number of cells in 
each DNA peak was determined by taking the integral from one 
peak nadir to the next. 


RESULTS 


Guinea pig megakaryocytes were aggregated by ristocetin 
and bovine plasma. The aggregates may be several hundred 
megakaryocytes in size. An example of such a megakaryo- 
cyte aggregate is shown in Fig 1. For this preparation, the 
megakaryocyte-enriched marrow cell fraction suspended in 
CATCE media was aggregated with 5% bovine plasma. 

Charecteristics of megakaryocyte aggregation with risto- 
cetin. The dose-response relationship between ristocetin 
concentration and the degree of megakaryocyte aggregation 
five minutes after the addition of ristocetin ts shown in Fig 2. 
For this study, the density-fractionated cells were suspended 
in CATCH medium containing 5% fetal calf serum and 15% 
guinea pig plasma. Twenty-five percent guinea pig plasma 
was required to support maximal aggregation with 2.0 
mg/mL ristocetin when 5% fetal calf serum was not 
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Fig 1. Phase-contrast photomicrograph of megakaryocytes 
aggregated with 5% bovine plasma (40x original magnification: 
20x current magnification). 


included. A rather steep dose response was seen with no 
megakaryocyte aggregation detectable at 0.5 mg/mL risto- 
cetin. About one half of the megakaryocytes were aggregated 
with 1.0 mg/mL ristocetin. Maximal aggregation (usually 
>90% of megakaryocytes aggregated) was seen with 2.0 to 
2.5 mg/mL ristocetin. Megakaryocyte aggregation was rela- 
tively rapid with more than one half of the megakaryocytes 
aggregated at 30 seconds and about 3/4 aggregated at one 
minute. Maximal aggregation occurred at five to seven 
minutes. The ristocetin-induced megakaryocyte aggregates 
could be disaggregated by diluting out ristocetin. 

Characteristics of megakaryocyte aggregation with 
bovine plasma. The dose-response relationship between 
bovine plasma concentration and the degree of megakaryo- 
cyte aggregation five minutes after addition of bovine plasma 
is shown in Fig 3. Maximal aggregation was seen with 2.5% 
to 5.0% bovine plasma. Some aggregation of other marrow 
cells occurred with 20% bovine plasma. The time course for 
megakaryocyte aggregation with 5% bovine plasma was 
similar to that for ristocetin with maximal aggregation 
occurring within five to seven minutes. The bovine plasma- 
aggregated megakaryocytes could be disaggregated by the 
addition of 60 ug/mL dextran sulfate. 

Megakaryocyte aggregation with purified bovine vWF. 
Maximal aggregation with purified bovine von Willebrand 
factor occurred at a concentration of | ug/mL (>90% of 
megakaryocytes aggregated). 


Fig 2. Dose-response rela- 
ps tionship between ristocetin 
g0 concentration and percentage 
of megakaryocytes aggregated 
(results of two experiments). 
Each point represents results 
40 from aggregation of 700 uL of 

cell suspension (containing 
20 15% guinea pig plasma and 5% 
fetal calf serum) for five min- 
utes. Megakaryocyte concen- 
tration was 183,333 and 
231,667 /mL. 
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Fig 3. Dose-response rela- 
tionship between bovine 
plasma concentration and per- 
centage of megakaryocytes ag- 
gregated (results of two exper- 
iments). Each point represents - 
results of aggregation of 700 z+ 4 
uL of cell suspension contain- __ 
ing 148,889 to 164,444 mega- 
karyocytes/mL for five min- 
utes. 


Megakaryocyte aggregation with normal and von Wille- 
brand disease pig plasma, Plasma of a pig with von 
Willebrand disease lacked specific megakaryocyte-aggregat- 
ing activity (Fig 4). Plasma of a normal pig showed a 
megakaryocyte aggregation dose response like that of bovine 
plasma. At concentrations of =10%, plasmas of both pigs 
caused aggregation of other marrow cells. 

Enrichment of aggregated megakaryocytes. Several 
procedures were examined for enrichment of the megakaryo- 
cyte aggregates including velocity sedimentation in large 
volume, shallow gradients, filtration through nylon mesh, 
and differential sedimentation. Of these, a series of differen- 
tial sedimentations in the aggregation cuvettes have proved 
most successful. Two sedimentations of the aggregated cells 
in a 3% Percoll gradient after an initial sedimentation 
without a Percoll underlay yielded maximal megakaryocyte 
enrichment and recovery (Table 1). A third sedimentation in 
the 3% Percoll gradient resulted in lower megakaryocyte 
recovery without improvement in megakaryocyte purity. 

Higher megakaryocyte enrichment was achieved with 
bovine plasma as the aggregating agent (Table 2). In other 
experiments in which bovine plasma and ristocetin were not 
simultaneously compared, aggregation with bovine plasma 
usually resulted in higher megakaryocyte recovery (data not 
shown), 

Table 3 summarizes megakaryocyte enrichment achieved 
in seven recent experiments. Megakaryocytes comprised an 
average of 0.15% of the cells in unfractionated marrow 
suspensions. The initial density fractionation step resulted in 
only a 3-fold enrichment because of the relatively low 
megakaryocyte recovery. After the aggregation and sedi- 
mentation steps, megakaryocytes constituted three fourths of 
the resulting cell suspensions which represents a 165-fold 
enrichment from the density fractionation step. Megakaryo- 
cyte recovery after the aggregation and sedimentation steps 
averaged 92% of the input number. Viability of megakaryo- 


80 - a Fig 4. Comparison of me- 
J / gakaryocyte aggregation in- 
0+ F duced by plasma from a pig 
$ with von Willebrand disease to 
that with normal porcine plas- 
i ma. Each point represents re- 
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Table 1. Megakaryocyte Purity, Recovery and Viability Achieved by 1, 2, or 3 Sedimentations 
of Bovine Plasma Aggregated Cells in 3% Percoll 
DOOS 
Number of Sedimentations in 3% Percoll 
1 2 | 3 
Experiment Purity (%)* Recovery (%)t Viability (%)t Purity (9) Recovery (%) Viability (9) Purity (%) Recovery (%) Viability (%} 

1 61 84 72 83 81 69 — — ~ 

2 56 98 80 85 99 71 — am — 

3 — — — 78 89 81 77 75 65 

4 -l — — 76 114 86 79 69 63 


tenet ntittnnteitatnenmennttttittnnnnter tatters 

Seven hundred microliters of marrow cell suspension enriched for megakaryocytes by density fractionation were aggregated with 40 uL of citrated 
bovine plasma for five minutes in a platelet aggregometer. The cells were allowed to sediment seven minutes and the pellets sedimented 1, 2, or 3 times 
for seven minutes in 3% Percoll followed by disaggregation as outlined in the Materials and Methods. 

*Megakaryocyte purity determined by phase-contrast microscopy on cells in suspension in hemacytometers. 

tMegakaryocyte recovery based on megakaryocyte concentration of density-fractionated cell suspensions before aggregation with bovine plasma 


{190,000 to 232,000 megakaryocytes/mL). 


t Viability estimated by trypan blue dye exclusion — 100 megakaryocytes examined in each cell suspension. 


cytes in the final suspension was not significantly different 
from that in unfractionated marrow. 

The appearance of megakaryocytes in a cytocentrifuge 
preparation made after the complete enrichment procedure 
is shown in Fig 5. All maturation stages of morphologically 
recognizable megakaryocytes were represented. The vacuol- 
ization observed near the periphery of some megakaryocytes 
was present before the megakaryocyte aggregation step and 


previously has been noted by Levine and Fedorko’ after 
density fractionation and velocity sedimentation and by 
Berkow et al’? after counterflow centrifugal elutriation and 
density fractionation. 

Electron microscopic examination of the fina] megakaryo- 
cyte preparations indicated that the plasma and nuclear 
membranes of most cells were intact; dense granules were 
evenly distributed in the cytoplasm (Fig 6). 


Table 2. Comparison of Megakaryocyte Purity Achieved Following Aggregation With Ristocetin or Bovine Plasma 


Finai Megakaryocyte Purity 
i% of Total Celis) 





Megakaryocytes Recovery* 
Experiment Aggregating Agent Before Aggregationt {%) Hemacytometer} Cytospin§ 
1 bovine plasma 196,000 94 80 62 
ristocetin 196,000 75 55 49 
2 bovine plasma 188,000 67 79 66 
ristocetin 188,000 93 57 52 





ae 


*After aggregation for five minutes with 5% bovine plasma or 1.75 mg/mL. ristocetin, megakaryocytes were enriched by three differential 
sedimentations followed by disaggregation as outlined in the Materials and Methods. Recovery represents the number of megakaryocytes present in the 
final suspensions after the sedimentation steps expressed as a percentage of the megakaryocytes in the density-fractionated marrow before 


aggregation. 


+Number of megakaryocytes in the 700 ul. of density-fractionated marrow suspension that was aggregated with each aggregating agent. 
¢Megakaryocyte purity as determined by phase-contrast microscopy of cells in suspension on a hernacytometer. 
§Megakaryocyte purity as determined from Wright-stained cytocentrifuge preparation of the final cell suspensions. 


Table 3. Summary of Megakaryocyte Enrichment 


s nents a a E aeee CCAR Tet 





Unfractionated Marrow Megakaryocyte Enrichment by Final Megakaryocyte Suspensions After MK 
Viabili Density Fractionation Aggregation and Sedimentations 
lability eon 
Total of Other Totai MK Number % MK % MK % MK MK 
Celt Marrow Cells MK Viability Total of MK Recovery From Recovery From Viability 
Experiment x 10°* (96) x10 % MK {%) x 10° x10? %MK Previous Step Hemacytometer Cytospin Previous Step (%} 
1 355 85 933 0.26 60 67 428 0.64 46 80 79 70 62 
2 550 91 400 0.07 54 97 210 0.22 53 69 78 109 60 
3 505 92 900 0.17 74 75 368 0.49 41 76 74 174 86 
4 437 94 567 0.13 86 66 348 0.53 61 85 83 99 71 
5 480 92 467 0.10 66 66 242 0.37 52 77 76 68 73 
6 516 92 1000 0.19 74 64 395 0.62 39 78 69 89 81 
7 375 90 600 0.16 56 68 222 0.33 37 _ 77 92 68 
Mean 460 91 695 0.15 67 72 316 0.46 47 78 76 $2 72 
1 SD 74 3 243 0.06 12 12 89 0.16 9 5 4 18 9 


nner e eeaeee 


Guinea pigs weighed 300 to 338 g. 
*Total cells obtained from femora, tibiae, and humeri of one guinea pig. 
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Fig 5. Photomicrograph of a Wright's stained cytocentrifuge 
preparation of a final megakaryocyte suspension (after density 
fractionation and the aggregation enrichment procedure; original 
magnification 250x; current magnification 112x). 
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Next, sizes of the megakaryocytes before and after the 
aggregation enrichment procedure were compared. Diame- 
ters of megakaryocytes in the cell suspension resulting from 
the density fractionation step were compared to those of 
megakaryocytes in the final cell suspension (after aggrega- 
tion, three sedimentations, and disaggregation; Table 4). 
Both mean diameter and diameter distribution of megaka- 
ryocytes in the final preparation were similar to those before 
aggregation. 

Also, we have compared by flow cytometry the DNA 
content distributions of megakaryocytes enriched by aggre- 
gation with bovine plasma to those of megakaryocytes in 
unfractionated marrow, and after the equilibrium density 
centrifugation step. It should be pointed out that because we 
were primarily interested in the DNA distribution of poly- 
ploid cells, we chose flow cytometer settings which optimally 
detected polyploid cells even though this results in some 2N 
and 4N cells with nonspecific immunoglobulin binding being 
included as platelet antibody—positive cells. Thus, for the 
purposes of these analyses, only cells with DNA contents 
=8N are considered. The ratio of 8N:16N:32N cells after 
the megakaryocyte enrichment steps was similar to that of 
unfractionated marrow (Table 5). 





Fig 6. Ultrastructure of a relatively mature megakaryocyte 
after enrichment by density fractionation and the aggregation 
enrichment procedure (Original magnification 8300; current 
magnification 4980 x ). 


DISCUSSION 


In this study we have asked whether guinea pig mega- 
karyocytes can be aggregated by ristocetin and bovine 
plasma and if so, can such aggregation be used as a step for 
megakaryocyte enrichment and purification. Almost all 
megakaryocytes could be aggregated with ristocetin at a 
concentration of 2.0 mg/mL in 25% guinea pig plasma or 
with 5% bovine or porcine plasma. The component in bovine 
and porcine plasma that induces megakaryocyte aggrega- 
tion, as with platelet aggregation, appears to be vWF since 
purified bovine vWF aggregated megakaryocytes while 
plasma from a pig with von Willebrand disease did not. The 
aggregated megakaryocytes could be disaggregated by dilut- 
ing out ristocetin or adding dextran sulfate to bovine plasma- 
aggregated samples. 

Although the mechanism is not well understood, platelet 
surface glycoprotein Ib seems to be the primary binding site 


Table 4. Average Diameter and Diameter Distribution of Megakaryocytes Before and After Aggregation With Bovine Plasma 





ewe Diameter Distribution (% of Total)* E 
lum)’ 16 to 20 um 21 to 25 um 26 to 30 um 31 to 35 um 36 to 40 um 41 to 45 um 

Before 

aggregationt 25.0 + 1.0 38.7 + 4.8 24.8 + 4.3 18.1 + 4.0 11.2 + 2.0 6.7 + 3.4 0.5 + 0.7 
After 

aggregation, 

3 sedimentations 

and disaggregationt 25.8 + 0.4 36.0 + 1.9 20.8 + 7.0 15.2 + 2.0 15.5 + 4.0 12.0 + 3.6 0.8 + 1.2 


*Mean + 1 SD for five experiments. 


tMegakaryocytes were enriched by density fractionation, pelleted, resuspended in CATCH media with 12.5 mmol/L EDTA, pelleted, and resuspended 


in CATCH media. 


t{Megakaryocytes were enriched by density fractionation, pelleted, resuspended in CATCH media with 12.5 mmol/L EDTA followed by aggregation 
with 7.5% bovine plasma, 3 sedimentations, disaggregation with 60 ug/mL dextran sulfate, pelleted, and resuspended in CATCH media. 
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Table 5. Comparison of DNA Content Distribution of Platelet 
Antibody Positive Cells With DNA Content = 8N at Various 
Points in the Purification Procedure 


No. of 
Marrow Suspension Celis BN (%) 16N (%) 32N (%) 
Experiment 7 

Unfractionated 

marrow 3669* 35.2 58.9 5.9 
After density 

fractionation 5654 30.6 64.1 5.2 
After aggregation 

and sedimentations 4517 31.3 62.7 6.0 


Experiment 2 
Unfractionated 
marrow 1074 34.5 55.0 10.4 
After density 


fractionation 6143 30.4 57.1 12.5 
After aggregation 


and sedimentations 1939 28.0 60.8 114.2 


*Number of platelet antibody-positive cells with DNA content = 8N. 


for von Willebrand factor during ristocetin-induced aggrega- 
tion.” Bovine vWF also probably reacts wtih platelet 
glycoprotein Ib since platelets from patients with Bernard- 
Soulier syndrome that are deficient in this glycoprotein are 
not aggregated by this factor.*?? Glycoprotein Ib has been 
detected on megakaryocytes***”’ and thus is most likely the 
site with which ristocetin and bovine plasma interact to 
produce aggregation of megakaryocytes. It should be pointed 
out that heparin inhibits platelet aggregation with ristoce- 
tin’? and bovine vWF'* and therefore should not be used as 
the anticoagulant for marrow collection. 

Megakaryocytes enriched using the bovine plasma aggre- 
gation step have diameters and DNA content distributions 
similar to those in unaggregated marrow suspensions. This 
suggests that megakaryocyte populations produced by this 
procedure are representative of the original populations. 
Although we have made no direct comparisons of DNA 
content distributions of megakaryocyte populations obtained 
using velocity sedimentation after density fractionation with 
those enriched by the procedure described here, results of 
others’'?? suggest that loss of lower ploidy megakaryocytes 
can be substantial with the velocity sedimentation step. 
Taken together, these results suggest that bovine plasma 
aggregation of megakaryocytes before the sedimentation 
step allows equal recovery of megakaryocytes of various 
DNA contents and therefore provides an advantage over 
velocity sedimentation of single megakaryocytes. 

The ability to induce large aggregates of megakaryocytes 
with ristocetin or bovine plasma also should be useful in 
electron microscopic studies of these cells since one of the 
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major obstacles to such studies currently is locating a cell 
type of sich low frequency once the processed marrow 
specimens are ready for examination. 

In situations where megakaryocyte number is reduced to 
such an extent that megakaryocyte aggregates will not form 
or are small, the extent of aggregation and size of aggregates 
might be increased by adding platelets before aggregation so 
that megakaryocyte-platelet aggregates would be formed. 
After separation of such aggregates from other cells, the 
megakaryocytes and platelets could be disaggregated and 
platelets separated from megakaryocytes if desired. 

The ability of ristocetin and bovine vWF to aggregate 
platelets n plasma is limited to a few species’ possibly 
because of interference by plasma proteins.*’° Fortunately, 
platelets of man and guinea pig are readily aggregated by 
these reagents, but those of other small laboratory animals 
such as the rat? are not. We expect that aggregation of 
megakaryocytes by these reagents will show the same species 
restrictions. Indeed, in our hands, rat megakaryocytes were 
not aggregated by either ristocetin or bovine plasma. How- 
ever, botrocetin (venom coagglutinin),”’"" a snake venom 
component from certain Bothrops species which, in the 
presence of vWF, aggregates platelets of all mammalian 
species examined,” may aggregate megakaryocytes of other 
species. 

Bovine plasma has several advantages over ristocetin as an 
agent to aggregate megakaryocytes for subsequent enrich- 
ment, First, the megakaryocyte purity achieved was higher 
with bovine plasma. The lower megakaryocyte purity with 
ristocetin appeared to result from the formation of some 
small aggregates of other marrow cells that either adhered to 
megakarvocytes or sedimented with them. Such aggregates 
were less frequently observed in megakaryocyte preparations 
aggregated with bovine plasma. The presence of these other 
marrow cell aggregates following ristocetin aggregation may 
be related to the precipitation of plasma proteins by this 
antibiotic.'’ Second, the use of bovine plasma does not 
require the addition of another source of VWF, so the system 
is less complicated. Third, bovine plasma is much less 
expensive than ristocetin. 

In conclusion, megakaryocytes are aggregated by ristoce- 
tin and bovine plasma as are platelets. We have used this 
observation to develop an alternative approach to mega- 
karyocyte enrichment that results in megakaryocyte popula- 
tions representative of those in unfractionated marrow. 
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Inhibition of Thromboxane Formatioa In Vivo and Ex Vivo: 
Implications for Therapy With Platelet Inhibitory Drugs 


By Irene A.G. Reilly and Garret A. FitzGerald 


The capacity of platelets to generate thromboxane A,, 
reflected by measurement of serum thromboxane B, 
(TxB,). greatly exceeds the systemic production of throm- 
boxane in vivo. Thus, it is possible that substantial but 
incomplete inhibition of thromboxane formation ex vivo 
would still allow marked augmentation of thromboxane 
production in vivo. To address this hypothesis, we adminis- 
tered aspirin 120 mg, a selective inhibitor of thromboxane 
synthase (TxSI!), 3-(1H-imidazol-1-yl-methyl)-2-methyl-1H- 
indole-1-propanoic acid (UK-38, 485) 200 mg, and a com- 
bination of both drugs to 12 healthy volunteers and 
measured the effects on serum TxB, and urinary 2,3- 
dinor-thromboxane B, (Tx-M), an index of endogenous 
thromboxane biosynthesis. Although serum TxB, was 
maximally inhibited by 94 + 1% after aspirin and 96 + 2% 
after the TxSi, maximal depression of Tx-M was only 28 + 
8% and 37 + 9%, respectively. Combination of aspirin with 
the TxSI resulted in a small but significant increase in 
inhibition of thromboxane generation ex vivo (98 + 1% v 


HE capacity of tissues to generate eicosanoids in 
response to physical and chemical stimuli is known to 
greatly exceed the actual rates of biosynthesis observed in 
vivo,’ Formation by human platelets of the potent eicosanoid, 
thromboxane A,, measured as its stable metabolite throm- 
boxane B,, is a good example of this phenomenon. Under 
physiological conditions, the maximal endogenous concen- 
tration of thromboxane B, in plasma has been estimated to be 
in the order of 1 to 2 pg/mL.* However, the levels of 
thromboxane B, measured in serum, which reflect the capac- 
ity of platelets to form thromboxane in response to thrombin, 
are over a thousand-fold higher at 300 to 400 ng/mL.’ Thus, 
the normal rates of thromboxane synthesis observed in vivo 
can be accounted for by activation of platelets to less than 
0.1% of their capacity for thromboxane generation. 

The distinction between the capacity for thromboxane 
production ex vivo and endogenous thromboxane biosynthe- 
sis is an important one. In several human syndromes of 
platelet activation the capacity of platelets to form throm- 
boxane is unchanged, but thromboxane biosynthesis in vivo is 
increased.** Earlier work from our laboratory has suggested 
that the relationship between the inhibition of the capacity of 
platelets to generate thromboxane and the persistence of 
thromboxane-dependent platelet activation may not be 
linear. An increase in the degree of inhibition of serum 
thromboxane formation from a mean of 95% to 99% inhibi- 
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94 + 1%: P < 0.05), but a disproportionately greater fall in 
thromboxane synthesis in vivo (58 + 7%: P < 0.01). 
Consistent with further inhibition of platelet thromboxane 
synthesis, addition of the TxSi abolished the transient 
decline in prostacyclin formation after aspirin alone. 
Administration of a lower dose of aspirin (20 mg) to 6 
healthy subjects caused a small reduction in Tx-M (12 + 
4%; P < 0.05) and inhibited serum TxB, by 48 + 2%. The 
relationship between inhibition of piatelet capacity to form 
thromboxane ex vivo (serum TxB,) and synthesis in vivo 
{(Tx-M) departed markedly from the line of identity. When 
total blockade of the capacity of platelets to generate 
thromboxane is approached, minor decrements in capacity 
result in a disproportionate depression of actual thrombox- 
ane biosynthesis. These results imply that pharmacologic 
inhibition of serum TxB, must be virtually complete before 
thromboxane-dependent platelet activation is influenced in 


vivo. 
© 1987 by Grune & Stratton, inc. 


tion, for example, results in a further significant increase in 
the extent of inhibition of platelet aggregation and a further 
prolongation of the bleeding time.* In addition, others have 
shown that even a residual 10% capacity to generate throm- 
boxane is enough to fully sustain thromboxane-dependent 
platelet aggregation.’ These observations have important 
implications for the use of antiplatelet drugs and inhibitors of 
the cyclooxygenase and thromboxane synthase enzymes in 
human syndromes of platelet activation. Many of the clinical 
and pharmacological studies of platelet inhibitory therapy in 
such conditions have employed measurement of serum 
thromboxane B, as a guide to the adequacy of dosing.’ A 
discrepancy between inhibition of serum thromboxane B, 
and platelet thromboxane production in vivo raises the 
possibility that despite substantial, but incomplete inhibition 
of the capacity of platelets for thromboxane generation, 
actual thromboxane biosynthesis may remain significantly 
enhanced, 

The aim of the present study was to investigate the 
relationship between inhibition of serum thromboxane gener- 
ation ex vivo and endogenous thromboxane biosynthesis in 
order to explore the hypothesis that incomplete inhibition of 
the capacity of platelets to generate thromboxane allows 
significant synthesis to continue in vivo. 


MATERIALS AND METHODS 
Study Design 


Twelve healthy male volunteers (aged 21 to 46 years, weight 
80.5 + 5 kg) participated in the study which was approved by the 
Committee for the Protection of Human Subjects of Vanderbilt 
University. The main study, which was double blind, randomized, 
and placebo controlled, was performed on four study days, each 
separated by a washout period of ten days. On each study day, the 
volunteers received as a single dose of one of the following: (a) 
aspirin 120 mg; (b) a thromboxane synthase inhibitor, 3-(]H- 
imidazole-!-yl-methyl)-2-methyl-1H-indole-propanoic acid? (UK- 
38,485). 200 mg; (c) aspirin 120 mg plus UK-38,485 200 mg, or (d) 
placebo, each administered as 5 identical unlabelled white capsules 
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THROMBOXANE FORMATION IN VIVO AND EX VIVO 


(kindly provided by Dr P. Urquilla of Pfizer Inc., Groton, Conn). All 
the subjects had fasted for a minimum of ten hours prior to dosing 
and for four hours after dosing and none had taken aspirin or 
aspirin-like drugs in the 2-week period prior to or during the study. 

Blood was drawn before and 1, 4, 6, 8, and 24 hours after dosing 
by fresh venipuncture from an antecubital vein for plasma drug 
levels and serum thromboxane determinations. Urine was collected 
for measurement of prostacyclin and thromboxane metabolites for 
the 24 hours before each study day and in 3 postdosing aliquots: 0 to 
6, 6 to 12, and 12 to 24 hours. Physical examination, laboratory 
evaluation, and an EKG were carried out prior to inclusion in the 
study. Safety tests (full blood count, routine automated biochemistry 
screen, and urinalysis) were performed before dosing and on comple- 
tion of each study day. Blood pressure, measured by mercury 
sphygmomanometer in the sitting position, and heart rate were 
monitored at each blood sampling time point prior to venipuncture. 

On a separate occasion, aspirin was administered to 6 volunteers 
such as to result in partial inhibition of platelet thromboxane 
formation ex vivo. Four 5 mg aspirin capsules (prepared by the 
Vanderbilt Pharmacy) were administered two hours apart. Blood 
was drawn for estimation of serum thromboxane B, formation before 
dosing and eight hours after the first dosage. Urine was collected for 
eicosanoid analysis for 24 hours prior to dosing and from 0 to 12 and 
12 to 24 hours after initiation of dosing. 

Finally, blood and urine samples were obtained for measurement 
of serum thromboxane B, and urinary 2,3-dinor-thromboxane B,, 
respectively, from 28 additional apparently healthy volunteers (14 
males, 14 females; age 24 to 38 years; wt. 45 to 96 kg) and 4 patients 
attending the hematology outpatient clinic, two with secondary 
thrombocytosis, one with hypersplenism, and one with idiopathic 
thrombocytopenic purpura. 


Biochemical Analyses 


2,3-dinor-thromboxane B, {Tx-M}. Tx-M was measured 
employing a stable isotope dilution assay described in detail else- 
where.'' Briefly, 12.5 ng of a deuterated internal standard was added 
toa 5 mL aliquot of urine that was then converted to the methoxime 
derivative by the addition of methoxyamine hydrochloride in acetate 
buffer. The sample was then applied to a phenylboronic acid column, 
washed with acid salt followed by methanol, and eluted with 0.1 N 
sodium hydroxide in methanol. The eluate was acidified, applied to a 
silica Sep-Pak, washed, and eluted with ethyl acetate. The sample 
was purified by thin layer chromatography, derivatized to the 
methoxime, pentafluorobenzyl ester, and further purified by repeat 
thin-layer chromatography. Derivatization was completed by forma- 
tion of the trimethylsilyl ether and quantitation accomplished on the 
Nermag R10-10C operating in the negative ion mode, monitoring 
m/z 586 for endogenous Tx-M and $90 for the deuterated internal 
standard. 

2,3-dinor-6-keto-PGF ,, (PGI-M). PGI-M was also measured by 
stable isotope dilution assay employing negative ion-chemical ioniza- 
tion gas chromatography-mass spectrometry as described else- 
where." Briefly, a 5 mL aliquot of urine was first spiked with 5 ng of 
a deuterated internal standard. The sample was then subjected to 
extraction and back extraction under alkaline and acidic conditions, 
and derivatized as the methoxime pentafluorobenzyl ester. Further 
purification was carried out by thin-layer chromatography and the 
derivatization completed by formation of the trimethylsilyl ether 
derivative. Quantitation was accomplished by stable isotope dilution 
using a Hewlett Packard (Avondale, PA) 5980 instrument operating 
in the negative ion mode, monitoring m/z 586 for endogenous 
PGI-M and m/z 590 for the deuterated internal standard. 

Serum thromboxane B, Serum thromboxane B, generation ex 
vivo was measured as previously described? Venous blood was 
collected into a warmed glass tube, incubated at 37 °C for one hour, 
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and then spun at 2,000 g for 15 minutes. Serum was separated and 
stored at — 20 °C for later analysis by radioimmunoassay. 


Plasma Drug Levels 


Plasma concentrations of UK-38,485 were analyzed by high- 
performance liquid chromatography (HPLC) using UK-37,418 as 
an internal standard. The drug was isolated from plasma by precipi- 
tation with acetonitrile, centrifuged at 2,000 g for five minutes, and 
evaporated to dryness under nitrogen. After being resuspended in 
tetramethylethylenediamene (TEMED)/citrate buffer, aliquots 
were injected onto a Spherisorb Phenyl! column (Hichrom, Reading, 
UK) with a mobile phase of 75% methanol: 25% TEMED/citrate 
buffer 0.1 mol/L. UK-38,485 and the internal standard were 
detected by fluorescence at an excitation wavelength of 220 nm and 
emission of 370 nm. These analyses were kindly undertaken by Dr P. 
Gibson (Chapel Laboratories, Hythe, Kent, UK) by arrangement 
with Dr J.F. Faulkner, Pfizer Central Research, Groton, CT. Plasma 
concentrations of salicylate were measured by a stable isotope 
dilution assay employing gas chromatography mass spectrometry.” 


Statistical Analysis 


Data were analyzed by nonparametric methods" thereby avoiding 
assumptions as to the distribution of the variables involved. Two-way 
analysis of variance was by the method of Friedman and subsequent 
pair-wise analysis was by the Wilcoxon Rank Sum Test. Unless 
otherwise stated, our results are expressed as the mean + the 
standard error of the mean (SEM). 


RESULTS 
Platelet Thromboxane Formation 


Platelet thromboxane generation ex vivo (measured as 
serum thromboxane B,) was reduced by 94 + 1% one hour 
after dosing with 120 mg aspirin from 349 + 37 ng/mL to 
18 + 4 ng/mL. Maximal depression of serum thromboxane 
B, after the thromboxane synthase inhibitor (200 mg UK- 
38,485) was not significantly different, falling by 96 + 2% 
from 312 + 33 ng/mL to 12 + 3 ng/mL one hour after drug 
administration. While the inhibition induced by aspirin 
persisted throughout the study period, serum thromboxane 
B, had returned to a mean of 70% of predosing values 24 
hours after administration of the thromboxane synthase 
inhibitor (Fig 1). Combination of aspirin with the synthase 
inhibitor achieved a minor but significant increase in the 
degree of inhibition ex vivo over that observed with aspirin 
administration alone: serum thromboxane B, fell by 98 + 1% 
from 380 + 19 to 8 + 4 ng/mL one hour after dosing. The 
difference between the combination and aspirin alone, 
although small, remained Statistically significant (P < 0.05) 
one, four, and six hours after drug administration ( Fig 1). 
Serum thromboxane B, formation did not change signifi- 
cantly following placebo and there was no significant differ- 
ence between baseline values on each of the four study days. 
Adminstration of the lower dose of aspirin (4 x 5 mg) 
resulted in a concomitantly smaller reduction in serum 
thromboxane B, by 48 + 2% from 365 + 21 to 190 + 8 
ng/mL. 


Thromboxane Synthesis In Vivo 


Peak depression of Tx-M excretion following aspirin 120 
mg, which was observed in the six- to 12-hour aliquot after 
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Fig 1. The effect on platelet cyclooxygenase formation (se- 


rum thromboxane B,) of single dose administration of placebo, 
UK-38,485 (200 mg). low-dose aspirin (ASA 120 mg), and a 
combination of low-dose aspirin with UK-38,485 (200 mg) in 12 
healthy male subjects. Serum thromboxane is expressed as a 
percentage of the predosing contro! value for each treatment 
regimen, There was no significant difference in serum thrombox- 
ane B, from control values following placebo administration. 
Inhibition of serum thromboxane was significantly greater after 
the aspirin/UK-38,485 combination compared to aspirin alone 
[P < 0.05; one, four, and six hours after dosing) and compared to 
UK-38,485 {P < 0.01; four, six. aight, and 24 hours after dosing). 
The inhibitory effect of aspirin 120 mg v UK-38,485 (200 mg) on 
serum thromboxane B, was significant only sight and 24 hours 
after administration {P < 0.01}. 


dosing, was only 28 + 8% from predosing values despite 
almost maximal inhibition of platelet cyclooxygenase 
throughout the study period (Table 1). The maximal depres- 
sion of Tx-M excretion after the thromboxane synthase 
inhibitor was somewhat greater at 37 + 9% {P = 0.06). 
Despite the minor increase in inhibition of the capacity of 
platelets to form thromboxane ex vivo (94 + 1% v 98 + 1%, 
P < 0.05), addition of the thromboxane synthase inhibitor to 
the cyclooxygenase inhibitor resulted in a disproportionate 
fall in thromboxane metabolite excretion (58 + 7%} com- 


Table 1. Excretion of 2,3-Dinor-Thromboxane B, {Tx-M} in 12 
Healthy Male Subjects After Single-Dose Administration of 
Aspirin 120 mg, UK-38,485 200 mg. and Aspirin 120 mg in 

Combination With UK-38,485 200 mg 





Time After Aspirin UK-38,485 UK-38.485 200 mg 

Dosing (hr) 420 mg 200 mg + Aspirin 120 mg 
—24 134 + 21 97 + 14 95 + 12 
0-6 108 + 18*+ 85 + 10 65 + 9* 
6-12 92 + 17*¢t 56 + 6° 47 + i1* 
12-24 104 + 17ł 76 +:9 37 + 6* 








Values are expressed in pg/mg creatinine (mean + SEM). There were 
no significant differences between the predosing values. 

*P < 0.01 compared to control values. 

+P < 0.05 aspirin 120 mg v aspirin 120 mg + UK-38.485 200 mg. 

tP < 0.01 aspirin 120 mg v aspirin 120 mg + UK-38,485 200 mg. 
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pared to that after aspirin alone (P < 0.01). To address the 
possibility that alterations in Tx-M excretion after aspirin 
resulted from altered renal tubular handling of the metabo- 
lite rather than inhibition of cyclooxygenase’? we adminis- 
tered an identical (120 mg) dose of sodium salicylate, which 
is a weak -nhibitor of platelet cyclooxygenase compared with 
aspirin but is subject to the same renal tubular excretory 
mechanism. In contrast to aspirin 120 mg, sodium salicylate 
120 mg did not alter Tx-M excretion or the capacity of 
platelets to form thromboxane B, (Table 2). 

Tx-M excretion did not differ significantly prior to drug 
administration on each of the study days (P > 0.2; Table 1). 
Although there was moderate intersubject variability, the 
ranges of Tx-M excretion on each of the study days (respec- 
tively, 73 to 241, 44 to 167, and 55 to 174 pg/mg creatinine 
after aspirin 120 mg alone, 200 mg UK-38.485 and the 
combination of aspirin with UK-38,485) was comparable to 
that of previous studies by ourselves and others.’*'''* The 
intrasubject variability was small, with the exception of the 
two subjects who smoked, a factor that we have subsequently 
identified as being associated with increased Tx-M excre- 
tion.” Beth of these subjects had higher levels of Tx-M 
excretion (353 and 363 pg/mg creatinine) during the second 
(5 mg x 4 aspirin) study in which smoking had not been 
restricted. However, the maximum degree of inhibition after 
aspirin administration was similar whether these subjects 
were included in the analysis or not: 218 + 36 falling to 
187 + 52 12 to 24 hours after dosmg (12 + 4%) v 134 + 21 
falling to 112 + 22 pg/mg creatinine (14 + 4%). 

Tx-M excretion was found to be proportional to platelet 
count over a wide range of platelet counts in apparently 
healthy subjects (Fig 2). In addition, in two patients with 
thrombocytopenia due to peripheral platelet destruction and 
a shortened platelet life span (one with ITP and the other 
with hypersplenism), Tx-M excretion was correspondingly 
elevated £t 545 and 1600 pg/mg creatinine, respectively (Fig 
2). Metabolite excretion was markedly increased in two 
patients with secondary thrombocytosis. The pattern of 
recovery of metabolite excretion after reversible (UK- 
38,485) and irreversible inhibition of platelet cyclooxygenase 
(Table 1> was also consistent with urinary 2,3-dinor-TxB, 
principally deriving from platelets. 


Tabie 2. Urinary Excretion of 2,3-Dinor-Thromboxane B, (Tx-M)}, 
Serum Thromboxane (Tx)B,, and Plasma Concentrations of 
Salicylate in 3 Healthy Male Subjects After Single-Dose 
Administration of Salicylate 120 mg 











After Dosing 
Prior to Dosing Time the} Concentration 
Plasma Salicylate ND 3 7164 14.2 
(ug/mi} 
Serum TaB, 345 + 75 3 313 + 29 
(ng/rre.} 
Tx-M 75+ 13 0-6 85 + 28 
(pg/rr g creatinine) 6-12 78 + 10 
12-24 7227 








Values are expressed as mean + SEM. ND, not detectable; assay 
sensitivity 10 pg/mL. '* 
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Fig 2. The relationship between platelet count and urinary 


excretion of 2,3-dinor-TxB, in 32 subjects. Metabolite excretion 
was discordant with the platelet count in two patients with 
syndromes associated with an increase in platelet turnover (hy- 
persplenism and idiopathic thrombocytopenic purpura: ITP). When 
these patients were excluded, the 2.3-dinor-TxB, excretion signif- 
icantly correlated (r = .91; P < 0.001) with platelet count. 


Prostacyclin Biosynthesis 


Aspirin 120 mg caused a small transient (25 + 11%) 
reduction in PGI-M excretion that was significant in the 
zero- to 6-hour urine aliquot after dosing (P < 0.01). This 
effect was not apparent when aspirin was administered in 
combination with the thromboxane synthase inhibitor (Table 
3). PGI-M excretion was also unaltered by the lower dose of 
aspirin (4 x 5 mg; 120 + 20 v 128 + 20 pg/mg creatinine) 
but was significantly increased (P < 0.05) following admin- 
istration of the thromboxane synthase inhibitor from 119 + 
18 to 143 + 19 pg/mg creatinine six to 12 hours after dosing 
(Table 3). There was no significant difference in PGI-M 
excretion between either the control days that preceded each 
dosing period or in the three timed aliquots following placebo 
administration. 


Comparison of Inhibition of Thromboxane Formation 
Ex Vivo and In Vivo 


Mean data relating peak inhibition of thromboxane gener- 
ation ex vivo to peak inhibition of metabolite excretion are 


Tabie 3. Excretion of 2,3-Dinor-6-Keto-PGF,, (PGI-M) in 12 
Healthy Male Subjects After Single-Dose Administration of 
UK-38,485 (200 mg), Aspirin 120 mg, or UK-38,485 
Plus Aspirin 120 mg 








Time After Aspirin UK~-38,485 UK-38,485 200 mg 
Dosing (hr) 120 mg 200 mg + Aspirin 120 mg 
— 24 100 + 10 119 + 18 116 + 20 
0-6 70+ 11ł 122 + 16 92+ 14 
6-12 104 + 22 143 + 19* 111 + 23 

12-24 110 + 16 131 + 19 108 + 14 





Values are expressed in pg/mg creatinine (mean + SEM). 
*P < 0.05 compared to placebo. 
tP < 0.01 compared to placebo. 
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% Inhibition of 
Thromboxane Biosynthesis 
(Tx- M Excretion) 


100 


50 





O 50 ) te 6) 


% inhibition of Thromboxane Generation Ex Vive 
(Serum TxB,) 


Fig3. The relationship between inhibition of platelet capacity 
to generate thromboxane (serum thromboxane B,) ex vive and 
thromboxane synthesis in vive (2,3-dinor-thromboxane {Tx-4) 
excretion). Data were derived from experiments involving two 
doses of aspirin (see text), 200 mg of UK-38,485, a thromboxane 
synthase inhibitor, and a combination of aspirin with the throm- 
boxane synthase inhibitor. Data indicating complete inhibition (6) 
of both serum thromboxane B, (99%) and dinor thromboxane 
excretion (97%) were obtained after chronic administration of 
aspirin 2,600 mg/d.° 





illustrated in Fig 3. Maximum depression of metabolite 
excretion was measured in the aliquot collected six to 12 
hours after dosing with aspirin 120 mg or with UK 38,485, 
but in the 12- to 24-hour aliquot with the other dosage 
regimens. The delay in depression of metabolite excretion is 
likely to reflect a delay both in transformation (as shown 
thromboxane B, infusion?) and in renal clearance. 

The relationship between the inhibition of platelet capac- 
ity to form thromboxane ex vivo and actual biosynthesis 
departed markedly from the line of identity. As maximal 
blockade of the capacity to generate thromboxane ex vivo 
was approached, minor increments in the degree of inhibition 
achieved resulted in a disproportionately greater depression 
of thromboxane synthesis in vivo. 


Plasma Drug Levels 


Plasma drug levels of UK-38,485 are shown in Table 4. 
There was no significant difference in the drug concentra- 
tions measured whether UK-38,485 was administered either 
as a single dose or together with 120 mg of aspirin, confirm- 
ing the absence of any pharmacokinetic interaction between 


Table 4. Plasma Concentrations of UK-38,485 {ng/mi} 


Moan erie Ki mtu mmm Pa Be, 





Taimani Time After Dosing (hr) 


Group 1 4 6 8 
UK-38,485 200 mg 





3207 +333 225 +46 66+8 26+4 





UK-38,485 200 mg 


plus aspirin 120 mg 2992 +320 199 +227 66+7 28 +3 


ornare ne 








Values are expressed as mean + SEM in 12 healthy male subjects. 
Limit of sensitivity 10 ng/mL. 
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these drugs. Peak drug levels were measured one hour after 
dosing and the decline in plasma. levels following administra- 
tion of UK-38,485 was rapid, less than 3% of the peak 
plasma drug levels being detectable after six hours. The 
temporal discrepancy between the offset in plasma drug 
levels and the inhibition of serum thromboxane B, generation 
has previously been observed with thromboxane synthase 
inhibitors and appears to result from supramaximal concen- 
trations of the parent compound at the time of peak drug 
levels, rather than the presence of active metabolites.’ 


DISCUSSION 


We have previously established that there is a marked 
discrepancy between the capacity of platelets to generate 
thromboxane B, and the actual production rate of thrombox- 
ane in vivo? based on excretion of its urinary metabolite, 
2,3-dinor-thromboxane B,. If platelets are the major source 
of this metabolite in urine, this observation suggests that 
activation of platelets ex vivo during blood sampling and 
processing, rather than endogenous biosynthesis, largely 
accounts for the plasma levels of thromboxane B, widely 
reported in the literature. The calculated physiological 
secretion rate of thromboxane B, is extremely low, approxi- 
mately 0.1 ng/kg/min, which would result in a maximal 
plasma concentration of 1 to 2 pg/mL.’ Thus, in healthy 
individuals in whom minimal! evidence of platelet activation 
in vivo would be expected, activation of platelets to less than 
0.1% of their capacity would be sufficient to account for 
these plasma levels. 

This concept has implications for therapy with platelet 
inhibitory drugs in conditions in which platelet activation is 
of importance. In several human syndromes in which platelet 
activation in vivo has been demonstrated and is thought to 
play a primary role, endogenous biosynthesis of thromboxane 
appears to be markedly enhanced.**'? For example, urinary 
2,3-dinor-TxB, excretion is increased on average 4- to 5-fold 
during episodes of myocardial ischemia in patients with 
unstable angina.” Such increments are of likely patho- 
physiologic importance in this disease as cardiovascular 
mortality is significantly reduced by aspirin.” However, even 
in the presence of a 95% inhibition of serum thromboxane B,, 
thromboxane biosynthesis could, in theory, be increased 
50-fold above basal levels in response to stimuli to its 
production in vivo. Thus, pathophysiologically important 
increments in thromboxane formation might still occur in 
patients receiving sufficient aspirin to cause substantial but 
incomplete inhibition of serum thromboxane B, ex vivo. 

To explore this possibility more directly, we designed the 
present study to examine the relationship between inhibition 
of platelet capacity to form thromboxane (serum thrombox- 
ane B,) and inhibition of thromboxane synthesis in vivo, as 
reflected by excretion of its urinary metabolite, 2,3-dinor- 
thromboxane B,. We postulated that as maximal blockade of 
the capacity to generate thromboxane ex vivo was 
approached, a disproportionately greater inhibition of actual 
thromboxane synthesis by platelets in vive would be 
expected. On the basis of previously published work,°”! we 
selected two doses of aspirin for these studies: the lower dose 
(5 mg x 4) was chosen to produce a minor but significant 
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reduction in ex vivo thromboxane formation; and the higher 
dose (120 mg) as one predicted to cause substantial but 
incomplete inhibition of thromboxane generation ex vivo. In 
order to inhibit thromboxane formation ex vivo still further, 
we coadministered with aspirin an inhibitor acting as a site 
distinct from aspirin in the synthetic cascade rather than 
administering a higher dose of the cyclooxygenase inhibitor. 
We hypothesized that if such a combined approach resulted 
in further inhibition of platelet thromboxane synthesis in 
vivo, redrversion of platelet endoperoxides, which would 
accumulate after thromboxane synthase inhibition, might 
lead to an increase in vascular prostacyclin formation.” 

We used the excretion of 2,3-dinor-thromboxane B, as an 
index of endogenous thromboxane biosynthesis. This com- 
pound has been shown to be the major urinary metabolite of 
systemically administered thromboxane B, in man.*4 Several 
lines of evidence indicate that urinary 2,3-dinor-thrombox- 
ane B, is largely derived from platelet thromboxane synthe- 
sis. First, the pattern of inhibition and recovery of dinor 
thromboxane after administration of pharmacological inhib- 
itors of thromboxane synthesis is consistent with a predomi- 
nantly platelet origin of this metabolite. Thus, chronic 
administration of low-dose aspirin (20 mg daily® and 20 mg 
twice a cay'’) has been shown in two studies in healthy 
volunteers to cause marked depression of 2,3-dinor-throm- 
boxane excretion, by 85% and 70%, respectively. This 
occurred in the absence of any significant effect on prostacy- 
clin biosynthesis that provides a marker of extraplatelet 
cyclooxygenase activity. Similarly, urinary thromboxane B,, 
which, in contrast to the dinor metabolite, is believed to be 
principally of renal origin under physiologic conditions in 
humans also remains unaltered following low-dose aspirin 
administration despite almost maximal inhibition of platelet 
thromboxane formation ex vivo.** The importance of these 
observations is that they address the possibility that the 
platelet represents a source of cyclooxygenase that is 
extremely sensitive to inhibition by aspirin but that contrib- 
utes little to the concentration of 2,3-dinor-thromboxane B, 
in urine. Such a phenomenon would explain a discrepancy 
between the effects of single, low doses of aspirin (eg, 120 ng) 
on metabolite excretion and serum thromboxane B,, such as 
that illustrated in Fig 3. However, the marked depression of 
urinary 2,3-dinor-thromboxane B, that can be achieved 
without evidence of inhibition of prostaglandin formation by 
tissues other than the platelet in vivo during chronic adminis- 
tration of low-dose aspirin, renders unlikely such an explana- 
tion of our data. Finally, the recovery of dinor thromboxane 
excretion after irreversible acetylation of platelet cyclooxy- 
genase by aspirin corresponds to platelet life span,'*'’ while 
recovery is much more rapid after reversible enzyme inhibi- 
tion induced by thromboxane synthase inhibitors* or indo- 
methacin.'® The results reported in this study also show 
recovery of 2,3-dinor-thromboxane B, occurring within 24 
hours after the synthase inhibitor, but no recovery during the 
same observation period after aspirin adminstration. 

A second line of evidence consistent with the platelet being 
the major source of urinary 2,3-dinor-thromboxane B, 
derives from the measurement of this metabolite in a large 
number ef healthy volunteers as well as in diverse human 
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syndromes in which platelet activation in vivo has been 
documented. Over a wide range of platelet counts we have 
demonstrated a significant correlation between platelet num- 
ber and dinor metabolite excretion in this study. Of particu- 
lar interest is the distinction between reduced metabolite 
excretion in those subjects with a low platelet count as a 
result of decreased platelet production, and the marked 
elevation in 2,3-dinor-thromboxane B, in the two patients 
with thrombocytopenia due to increased peripheral destruc- 
tion of platelets. Enhanced thromboxane synthesis has also 
been described in association with evidence of platelet activa- 
tion in vivo in patients with severe peripheral vascular 
disease,* unstable angina,” and systemic sclerosis with Ray- 
naud’s phenomenon.’ Indeed, that it may be a highly sensi- 
tive index of platelet activation in vivo is suggested by the 
significant elevation is apparently healthy chronic smok- 
ers.” 

Finally, inhibition of platelet activation in vivo, using 
measures that do not directly inhibit the thromboxane bio- 
synthetic pathway, significantly reduces dinor thromboxane 
excretion. For example, infusion of prostacyclin to patients 
with thrombotic thrombocytopenic purpura results in a strik- 
ing reduction in metabolite excretion.” Consistent with the 
hypothesis, cessation of smoking is followed by a correspond- 
ing reduction in dinor thromboxane.” In addition, in patients 
with severe atherosclerosis and platelet activation in vivo, 
dietary supplementation with eicosapentaenoate markedly 
depressed excretion of the dinor metabolite.” 

Thus, if the assumption that the platelet is the predomi- 
nant (although not only) source of the dinor metabolite in 
urine is valid, a progressive fall in excretion of this metabolite 
would be likely to reflect progressive inhibition of platelet 
thromboxane formation in vivo. The results of the present 
study would then indicate that inhibition of the capacity of 
platelets to generate thromboxane ex vivo may prove mis- 
leading as a guide to the inhibition of actual thromboxane 
biosynthesis by platelets and hence, thromboxane-dependent 
platelet activation in vivo. Inhibition of the final 6% of 
platelet capacity corresponded to inhibition of the final 72% 
of thromboxane formation in vivo (after aspirin 120 mg). 
The functional implications of this observation are illustrated 
by evidence that even a residual 10% capacity to generate 
thromboxane appears to be enough to fully sustain throm- 
boxane-dependent platelet activation.’ Similarly, by increas- 
ing the inhibition of platelet thromboxane formation ex vivo 
from 95% to 99%, an apparently minimal increase, it is 
possible to achieve further measurable inhibition of platelet 
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function in normal! volunteers, as assessed both by platelet 
aggregation ex vivo and the bleeding time.° While these 
observations are not likely to be of clinical importance in 
healthy individuals, they may be extremely important when 
stimuli to cause platelet activation are present. The results of 
the present study indicate that thromboxane biosynthesis 
may remain markedly enhanced, despite substantial, but 
incomplete (eg 90%) inhibition of serum thromboxane B.. 

The changes that we observed in prostacyclin biosynthesis 
provide further evidence that excretion of 2,3-dinor-throm- 
boxane B, in the present study was derived predominantly 
from platelets. Aspirin 120 mg caused a transient depression 
in excretion of the prostacyclin metabolite, 2,3-dinor-6- 
keto-PGF,,. This is compatible with rapid de novo synthesis 
of endothelial cyclooxygenase following aspirin exposure, as 
has previously been shown to occur in cultured endothelial 
cells.” However, it contrasts with the more prolonged depres- 
sion of prostacyclin metabolite excretion observed following 
chronic administration of much higher doses of aspirin than 
used in the present study. Interestingly, such a dose- 
dependent difference in recovery has also been shown to 
occur ex vivo in patients who have been receiving aspirin 
By contrast, the thromboxane synthase inhibitor resulted in a 
significant increment in prostacyclin biosynthesis, consistent 
with utilization of accumulated platelet endoperoxides by 
vascular prostacyclin synthase.***' Addition of the throm- 
boxane synthase inhibitor abolished the depression of prosta- 
cyclin biosynthesis seen when aspirin was administered 
alone. It is attractive to speculate that this may reflect 
reorientation of accumulated endoperoxides resulting from 
additional inhibition of platelet thromboxane formation in 
vivo, in this case occurring at the level of thromboxane 
synthase. 

Measurements of the platelet capacity to generate throm- 
boxane B, ex vivo are frequently employed as a guide to the 
adequacy of dosing with platelet-inhibitory drugs.” The 
results of the present study suggest that biosynthesis of 
thromboxane is maintained to a substantial degree, unless 
>95% inhibition of thromboxane generation ex vivo is 
achieved. Lesser degrees of inhibition would not be expected 
to substantially influence thromboxane-dependent platelet 
activation in vivo. 
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Is Heparin Administration Necessary During Induction Chemotherapy for 
Patients With Acute Promyelocytic Leukemia? 


By Mark A. Goldberg, David Ginsburg, Robert J. Mayer, Richard M. Stone, 
Maryellen Maguire, David S. Rosenthal, and Joseph H. Antin 


The role of heparin in the treatment of the disseminated 
intravascular coagulation (DIC) associated with acute pro- 
myelocytic leukemia (APL) remains unclear. Between 1974 
and 1985, we treated 27 patients with APL using four 
different chemotherapeutic regimens; 23/27 (85%) had 
evidence of DIC either at presentation or following the 
initiation of induction chemotherapy. The coagulopathy 
was treated primarily with fresh frozen plasma and platelet 
transfusions; only 2/27 (7%) patients received heparin. 
Twenty of 27 patients (74%) entered complete remission. 
Major bleeding or thrombotic complications occurred in 
5/27 patients (19%), but 2 of these 5 patients presented 


JN contrast to other forms of acute nonlymphocytic leuke- 

mia, acute promyelocytic leukemia (APL) is frequently 
associated with a bleeding diathesis, initially described by 
Hillestad in 1957.' He reported three patients with a rapidly 
fatal acute leukemia in whom the predominant cell type was 
an abnormal promyelocyte. All three patients had a severe 
coagulopathy characterized by thrombocytopenia, hypofi- 
brinogenemia, prolonged bleeding times and thrombin times, 
and a decreased clot lysis time. While there is some evidence 
to suggest that the coagulopathy represents primary fibrino- 
lysis, ™® it is now generally accepted that the bleeding 
tendency is primarily the consequence of disseminated intra- 
vascular coagulation (DIC) occurring in response to proco- 
agulants released from the abnormal promyelocytic gran- 
ules.*”'' As a result, the use of heparin to treat or prevent this 
form of DIC in patients with APL was introduced by several 
investigators”'*'? and has become accepted as a standard 
method of practice,**! despite the absence of a prospective 
randomized trial documenting its efficacy. We have been 
reluctant to administer heparin to thrombocytopenic, criti- 
cally ill patients without unequivocal demonstration of its 
value. Consequently, during the past 11 years the majority of 
our patients (25/27) with APL have been managed with 
intensive fresh frozen plasma (FFP) and platelet support, 
and intensive chemotherapy without the concomitant use of 
heparin. The results of our experience and a review of the 
literature comprise this report. 


METHODS 


We retrospectively reviewed all cases of acute myelogenous 
leukemia diagnosed and treated at the Brigham and Women’s 
Hospital and the Dana-Farber Cancer Institute between January 
1974 and June 1985. During this period, 27/371 (7%) patients 
fulfilled the morphologic criteria of the French-American-British 
(FAB) classification” for hypergranular APL (FAB M3 histologic 
subtype). Since 1981 cytogenetic studies were performed in the 
Dana-Farber Cancer Institute cytogenetics laboratory. The 27 
patients were treated with various remission induction chemother- 
apy regimens, all of which contained cytosine arabinoside and an 
anthracycline (Table 1) as described previously." 

Complete remission (CR) was defined according to CALGB 
criteria as less than 5% blasts on bone marrow aspiration with 
evidence of maturation of all bone marrow cell lines and restoration 
of peripheral blood counts.” The diagnosis of DIC in this leukemic 
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after hemorrhage had already occurred. None of the 5 
patients with bleeding or thrombosis entered complete 
remission. All of the hemorrhagic complications due to DIC 
in our study occurred before 1979, which may reflect 
changes in the management of leukemic patients. This 
observation emphasizes the risks inherent in the use of 
historical controls in this population. in conclusion the DIC 
associated with APL can be successfully treated with 
intensive blood product support without the use of hepa- 
rin. 
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population was defined as the presence of any two of the following 
abnormalities: (1) prothrombin time (PT) 3 or more seconds greater 
than control, (2) activated partial thromboplastin time (aPTT) 4 or 
more seconds greater than the upper limit of the normal range, (3) 
thrombin time (TT) prolonged by 3 or more seconds compared to 
control, (4) fibrinogen less than 150 mg/dL, and (5) fibrin degrada- 
tion products (FDP) greater than or equal to 40 ng/mL. Survival 
was calculated from the date of diagnosis and was assessed by the life 
table analysis described by Peto et al.” The Mantel-Haenszel test 
was used to compare differences between different cohorts.” 

Coagulation parameters and complete blood counts were obtained 
at least once daily. All patients with thrombocytopenia, anemia, 
evidence of DIC, or clinical bleeding were treated with platelet and 
red blood cell transfusions and fresh frozen plasma. In general, in the 
absence of bleeding, platelet transfusions were administered when 
the platelet count fell to 20,000/uL or less and fresh frozen plasma 
(2 to 4 U/d) was given to maintain a plasma fibrinogen concentra- 
tion of approximately 150 mg/dL or to correct the prothrombin time 
to less than 3 seconds beyond control. Heparin was neither routinely 
used for the treatment of DIC nor was it given prophylactically. Any 
decision concerning the initiation of heparin treatment in patients 
with laboratory evidence of DIC was left to the discretion of the 
responsible physician. Induction chemotherapy was begun within 48 
hours after diagnosis, even if DIC were present. 


RESULTS 


Patient characteristics. The characteristics of the 27 
patients with APL are summarized in Table 2. The median 
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Table 1. Induction Regimens 





Regimen (23-25) 
{Dates employed) n 


cop 4 
{1970~- 1974) 





cytosine arabinoside 2 mg/kg/d IV 
bolus x 3-6 d 

daunorubicin 1 mg/kg/d IV bolus x 3-6 d 

vincristine 1 mg/m? IV bolus x 1d 

cytosine arabinoside 2 mg/kg/d continu- 
ous IV infusion x 5-7 d 

daunorubicin 1 mg/kg/d IV bolus x 3d 

cytosine arabinoside 100 mg/m*d contin- 
uous IV infusion x 7 d 

doxorubicin 30 mg/m?/d IV bolus x 3 d 

vincristine 1 mg/m? IV bolus days 1,8 

methvyiprednisclone 40 mg/m7/d IV bolus 
days 1-5 

cytosine arabinoside 200 mg/m’/d con- 
tinuous IV infusion x 7 d 

daunorubicin 45 mg/m?/d IV bolus x 3 d 


ennai 


DAC} 3 
(1974-1977) 


VAPA 10 6 
{1977-1980} 


DAC H 14 
(1980-1985) 





age was 37; there were 14 males and 13 females. Generally, 
patients were severely thrombocytopenic and anemic. As 
previously reported, leukopenia was commonly observed; 
the median white blood cell (WBC) was 1,850/mm’. Cyto- 
genetic studies were performed on marrow specimens from 8 
patients; 6 of these 8 had the 15:17 translocations that are 
characteristic of APL.” No other cytogenetic abnormalities 
were observed. Twenty-three of the 27 (85%) patients had 
DIC at diagnosis or developed DIC with institution of 
chemotherapy but only 2 of the 27 patients received heparin. 
The incidence of specific coagulation abnormalities is 
detailed in Table 2. 

Treatment of coagulopathy. ïn order to determine the 
transfusion requirements of patients with DIC who were not 
treated with heparin, we analyzed the records of the group of 
patients who were treated without heparin on the VAPA and 
DAC lI protocols (since after 1979 there was more uniform 
availability of platelet concentrates in our institutions). 


Table 2. Patient Characteristics 
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Number of patients 27 
Median age (range) 37 (20-69) 
Sex (M/F) 14/13 
Median blood counts (range) 
Hematocrit 28.5% (17-41) 
WBC (/mm*) 1850 (330-4 1,000) 
Platelets (x 10°?/mm*) 18 (5-161) 
Number of patients with DIC 23 
Incidence of abnormal coagulation parameters* 
PT 16 (70%) 
aPTT 4 (17%) 
TT 15 (68%)+ 
fibrinogen 21 (91%) 
FDP 21 (96%)t 
Treatment or prophylaxis of DIC 
Heparin, FFP, and platelets 2 
Platelets and/or FFP 25 


*Percentage of patients with DIC who demonstrated the abnormal 
coagulation test is shown in parentheses. The definition of abnormal 
values is described in Methods. 

¢Data was only available on 22 patients with DIC. 
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Fifteen of these 18 patients met our criteria for DIC, and we 
have complete transfusion records on 14 of the 15. The 
median duration of DIC as defined above was four days 
(range one to ten days). The FDPs were elevated (=40 
ug/mL) for a median of six days (range zero to ten days), 
while the plasma fibrinogen was <150 mg/dL for a median 
duration cf four days (range one to ten days). Fresh frozen 
plasma was often administered at times when patients did 
not meet cur strict criteria for DIC but had elevated FDPs or 
low fibrinegens. Consequently we divided the total number of 
units of FFP and platelets administered per patient by the 
duration cf DIC or seven days, whichever was longer. That 
number provides an estimate of the daily blood product 
requirements during the period of highest risk for the devel- 
opment of DIC. The patients received a median number of 
1.9 units of FFP/d (range 0.3 to 6.3 U/d) and 6 units of 
platelets/d (range 0 to 11 U/d). The coagulation parameters 
and response to therapy of a representative patient is shown 
in Fig 1. 

Hemorrhagic and thrombotic complications. Five of the 
27 patients (19%) had major bleeding or thrombotic compli- 
cations. Two of these 5 patients had intracranial hemor- 
rhages and were moribund when we first evaluated them, 
while 2 additional patients developed intracranial hemor- 
rhages while receiving induction chemotherapy. It was note- 
worthy that only 4 patients had prolonged activated partial 
thromboplastin times and 3 of these 4 died of intracranial 
hemorrhage. Hepatic vein thrombosis and pulmonary hem- 
orrhage occurred in the fifth patient during the second course 
of induction therapy. However, postmortem examination 
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Fig 1. Response to therapy of a representative patient. This 
patient had abnormalities of all five coagulation parameters at 
diagnosis. Institution of chemotherapy and blood product support 
resulted in rapid amelioration of the DIC. Each arrow indicating a 
platelet transfusion represents 6 to 10 units of platelets. 
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revealed hepatic venoocclusive disease (VOD) without labo- 
ratory or pathologic evidence of DIC. 

Remission and survival data Twenty of the 27 patients 
(74%) entered CR. The median follow-up of the group was 
503 days (range | to 2706 days) and the probability of 
survival at 3 years was 38 = 11% (Fig 2). If the patients who 
achieved a complete remission were examined separately, the 
median follow-up was 632 days (range 151 to 2706 days) and 
the probability of survival at 3 years was 51 + 13% (Fig 2). 


DISCUSSION 


The etiology of the hemorrhagic diathesis associated with 
APL has been the subject of much study. Several investiga- 
tors have demonstrated an increased rate of fibrinogen 
catabolism in patients with APL." However, the relative 
contributions of primary fibrinolysis and DIC to the coagulo- 
pathy of APL are controversial. In a review of the literature, 
Groopman and Ellman? found that measurements of plas- 
minogen and plamin levels, as well as clot lysis and euglobu- 
lin lysis times yielded variable results and generally had not 
provided convincing evidence of systemic fibrinolysis. Evi- 
dence in support of primary fibrinolysis includes the report 
by Keene et al’ of three patients with APL treated with 
epsilon-amino caproic acid (EACA). Although the bleeding 
in these patients ceased and they all entered CR, the absence 
of detailed data concerning coagulation studies makes the 
contribution of EACA difficult to interpret. Bennett et al’ 
also proposed a role for primary fibrinolysis in the hemor- 
rhagic diathesis seen in APL based on their observation that 
transfused *'Cr-labeled autologous platelets had a normal 
life span in a patient with APL while the half life of 
I-labeled fibrinogen was markedly decreased. 

Several lines of investigation have pointed to a major role 
for DIC in the coagulopathy of APL. In 1973, Gralnick and 
Abrell? demonstrated significant procoagulant properties 
associated with the lysates of leukocytes obtained from 
patients with APL. The procoagulant activity was further 
localized to the granular fraction of these leukocytes and was 
not present in granular fractions obtained from normal 
controls or patients with other forms of acute nonlympho- 
cytic leukemia. They also demonstrated a less marked, but 
significant increase in fibrinolytic activity present in the 
granular fraction in 3 of 4 patients with APL. Futhermore, a 
response to heparin with normalization of clotting parame- 
ters and clinical cessation of bleeding suggested that DIC 
played a predominant role in the bleeding diathesis of APL.” 
Bauer and Rosenberg" provided direct evidence that 
patients with APL generate excessive amounts of thrombin 
within the vascular system. They employed sensitive 
radioimmunoassays to study the levels of prothrombin acti- 
vation fragment, F,,,, thrombin-antithrombin complex 
(TAT), and fibrinopeptide A (FPA) in patients with APL 
undergoing intensive chemotherapy. They showed an excel- 
lent correlation between elevations in F,,,, TAT, and FPA. 
Finally, postmortem findings consistent with DIC in patients 
with APL have been frequently reported.*!°!?4 

Baker et al” first reported the use of heparin in 1964 in the 
treatment of a hemorrhagic diathesis in a patient with AML 
who had 24% promyelocytes with some atypical forms in his 
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Fig 2. Life table analysis of overali survival of patients with 
APL; All patients {solid line), and all patients who achieved a 
complete remission (interrupted tine). The bars indicate the stam- 
dard error at 3 years. Tic marks indicate patients who are 
currently alive. 


bone marrow aspirate. The patient had gross clinical bleed- 
ing unresponsive to EACA. Initially low levels of fibrinogen, 
factor V, and plasminogen all increased after institution of 
heparin therapy. However, the patient subsequently died and 
postmortem examination showed findings consistent with 
widespread DIC and leukemic infiltration. In 1972, Gralnick 
et al'’ reported four patients with APL and DIC, of whom 
three were treated with heparin and one with platelet trans- 
fusions, fresh frozen plasma, and fibrinogen. All four 
patients died; autopsy revealed that 3 of the 4 had persistent 
leukemia and all had evidence of thrombosis and/or hemor- 
rhage. However, the three patients treated with heparin did 
have a marked improvement in coagulation abnormalities 
associated with decreases in clinical bleeding. 

The goal of heparinization in patients with APL. is to 
inhibit DIC by stopping the accelerated fibrin formation and 
associated secondary fibrinolysis. To examine the kinetics of 
fibrin formation in such patients, Bauer and Rosenberg'! 
measured the formation of FPA in patients receiving hepa- 
rin. The only patient to have a significant reduction in FPA 
production received 1,000 u/m?*/hr of heparin. This patient 
also had a doubling of the aPTT while receiving heparin. 
Hence, both normal as well as pathologic coagulation may 
have been inhibited. Clearly, in a patient with a platelet 
count in the range of 20,000/mm/’, heparinization is not 
without significant risks. 

The coagulopathy commonly observed in patients with 
APL at the time of diagnosis is thought to reach its maximal 
intensity shortly after the initiation of chemotherapy at 
which time the destruction of leukemic cells results in the 
release of procoagulant-rich granules. Once significant 
cytoreduction has been achieved, the stimulus for the coagu- 
lopathy diminishes and clotting parameters return to normal. 
Therefore, our efforts in addressing the DIC associated with 
APL have focused on the rapid removal of the cause of DIC 
(ie, the abnormal promyelocytes) by the prompt initiation of 
chemotherapy. We support such patients with judicious 
platelet and fresh frozen plasma transfusions until the DIC 
has resolved (Fig 1). Our patients received doses of FFP and 
platelets which are easily obtained by most blood banks. 
Heparin was used in the management of only 2 (7%) of our 
27 patients with no patients being so treated during the last 4 
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years. Our overall complete remission rate of 74% compares 
favorably with results reported by others, both in studies in 
which heparin was and was not used (Table 3). There were 4 
(15%) hemorrhagic deaths in our patient cohort, all of which 
were due to intracranial hemorrhage; 2 of these 4 hemor- 
rhagic deaths could not have been prevented with heparin 
since the patients presented with major intracranial catastro- 
phes at the time of their diagnoses. Although the aPTT was 
the least sensitive measure of the presence of DIC in this 
patient population, elevations of the aPTT at presentation 
appeared to be associated with severe hemorrhagic complica- 
tions. Three of the 4 patients who had prolonged aPTT’s died 
of intracranial hemorrhage. While the number of patients is 
too small for reliable statistical inferences, perhaps patients 
with a prolonged aPTT reflect a subgroup with a worse 
prognosis. 

The impact of heparin on the management of patients with 
APL remains unclear. A compilation of reported series of 
patients with APL reveals no statistically significant benefit 
for the use of the anticoagulant with a 19% incidence of 
hemorrhagic deaths being associated with the use of heparin 
compared to a 28% death rate without heparin (P > 0.05, 
Table 4). The complete remission rate of these combined 
series using heparin was 63% in contrast to 54% without 
heparin (P > 0.1, Table 3). It is noteworthy that the major- 
ity of patients comprising the “nonheparin” group were 
treated more than 10 years ago. Seventeen (85%) of the 20 
patients we have treated during the past 6 years have entered 
complete remission without any hemorrhagic deaths. This 
higher probability of remission is consistent with the gener- 
ally accepted improved response rate observed in patients 
with acute nonlymphocytic leukemia during the last 
decade.” Such an improvement may be attributable not only 
to more intensive chemotherapeutic regimens, but also to the 
increased availability of blood product support and improve- 
ments in antimicrobial agents. The introduction of prophy- 
lactic heparin therapy into APL induction regimens tempo- 
rally corresponded to these advances in care. Since the 


Table 3. Effect of Heparin on the CR Rate of Adults With APL 
(anthracycline-containing regimens only) 


With Heparin Without Heparin 

Reference Years n # CR (%) n # CR (%) 
Drapkin et al'?* 1974-1976 9 7 8 2 
Ruggero et al®®* 1972-1976 oO — 13 7 
Daly et al'** 1973-19793 10 8 5 3 
Collins et al’ + 1973-1975 7 5 0 — 
Bernard et al'®* 1968-1971 9 3 35 16 
Cordonnier et al’’* 1972-1982 57 30 o — 
Cunningham et 1974-1983 54 41 3 2 

ajea 

Kantarjian etal} 1973-1984 31 18 28 14 
Present Studyt 1974-1985 2 1 25 19 

Total 179 113(63%) 117 63 (54%) 

P>0.10t 





*These patients also received platelet transfusions. 

+ These patients received platelets and fresh frozen plasma; Collins et 
al also used cryoprecipitate. 

tMantel-Haenszel test. 
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Table 4 Effect of Heparin on the Incidence of Hemorrhagic 
Deaths in Adults With APL During induction Chemotherapy 
{anthracycline-containing regimens only) 


With Heparin Without Heparin 
Hemorrhagic Hemorrhagic 
Referance n Deaths n Deaths 
Drapkin et al'?* 9 0 8 5 
Ruggero et al’** 0 m 13 4 
Daly et al’** 10 1 5 1 
Collins et al'*+ 7 1 O -— 
Bernard et al'®* 9 4 35 9 
Cordonnier et al” * 57 15 O mme 
Cunninghem et al'** 54 7 3 1 
Kantarjian et al "t 31 6 28 g 
Present Studyt+ 2 0 25 4t 
Total 179 34 (19%) 117 33 (28%) 
P > 0.05§ 


*These patients also received platelet transfusions. 

+These patients received platelet transfusions and fresh frozen pias- 
ma; Collins et al also used cryoprecipitate. 

{0/20 hemorrhagic deaths during the past six years. 

§ Mantel-Haenszel test. 


apparent benefit of such anticoagulation was only appre- 
ciated by a comparison with historical experience, it is 
possible that the more recently observed improvement in 
outcome is in fact due to these other advances in care and not 
due to heparin therapy. Finally, in all recently published 
studies in which heparin has been used, patients were 
concomitantly treated with platelet concentrates, at times in 
association with fresh frozen plasma. Such platelet concen- 
trates are known to contain significant amounts of coagula- 
tion factars. Therefore, it is conceivable that much of the 
improvement in clotting parameters and control of clinical 
bleeding observed in patients with APL who were given 
heparin might actually have been the result of the simulta- 
neous administration of platelet concentrates and fresh fro- 
zen plasma. 

We conclude that the coagulopathy associated with APL 
can be successfully managed with intensive chemotherapy 
and blood product support without the routine use of heparin. 
The necessity for the inclusion of prophylactic heparin 
therapy into the remission induction regimens of all patients 
with APL has not been proven, and the impact of such 
anticoagulant therapy remains unclear. To clarify the rela- 
tive values of fresh frozen plasma and platelet transfusion 
and heperin prophylaxis, a prospective randomized trial 
would be required. 
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Thrombocytopoietic Response to Immunothrombocytopenia in Nude Mice 


By Shirley Ebbe, Jack Levin, Kathleen Miller, Tamlyn Yee, Francine Levin, and Elizabeth Phalen 


Thrombocytopoiesis was evaluated in T cell—deficient nu/ 
nu mice and in T cell-replete nu/ + controls to determine if 
abnormalities would be associated with the deficiency of T 
cells. Mice were studied in the unperturbed steady state 
and after acute immunothrombocytopenia was induced by 
an injection of guinea pig antimouse platelet serum (APS). 
The state of thrombocytopoiesis was determined from 
platelet counts, megakaryocyte size, megakaryocyte num- 
ber, and numbers of Meg-CFC. Splenic lymphocytes were 
evaluated by responses to the mitogens bacterial lipopoly- 
saccharide (LPS), phytohemagglutinin (PHA), and concana- 
valin A (Con A). Hematocrits, reticulocyte counts, leuko- 
cyte counts, marrow cellularity, GM-CFC, and BFU-E also 
were measured. Steady state thrombocytopoiesis was 
identical in nu/nu and nu/+ mice. In response to an 
injection of APS, acute thrombocytopenia was followed by 
macromegakaryocytosis and rebound thrombocytosis in 
mice of both genotypes. Splenic Meg-CFC increased in 
nude mice after APS or an injection of normal guinea pig 


HE rate of platelet production is appropriately adjusted 

in response to experimental perturbations of the plate- 

let count. Therefore, it can be concluded that thrombocyto- 
poiesis is regulated. Several levels of platelet precursors have 
been shown to respond to the stimulation of thrombocyto- 
poiesis that is produced in experimental animals by injection 
of heterologous antiplatelet serum (APS) to induce thrombo- 
cytopenia. Alterations of recognizable megakaryocytes and 
their immediate precursor cells tend to occur promptly after 
induction of thrombocytopenia, but responses of less dif- 
ferentiated cells, such as megakaryocyte colony-forming 
cells (Meg-CFC), are generally relatively delayed.** The 
observations are consistent with multiple levels of mega- 
karyocytic regulation in which more mature cells respond to 
a platelet-dependent regulatory mechanism, ie, thrombo- 
poietin, and less mature cells respond to other, as yet 
unidentified, mechanisms.’ However, cellular interactions 
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serum (NGpS), and splenic GM-CFC increased after APS. 
Neither Meg-CFC nor GM-CFC increased in the spleens of 
nu/+ mice, but they showed early transient increases in 
bone marrow that did not occur in nu/nu mice. Sporadic, 
but weak, mitogenic responses to PHA or Con A were 
occasionally observed with nu/nu spleen cells, but these 
did not correlate with the state of thrombocytopoiesis. The 
results demonstrated that platelet production was normal 
in nu/nu mice and that megakaryocytopoiesis and platelet 
production responded to the stimulus imposed by acute 
immunothrombocytopenia. Increases in megakaryocyte 
size and platelet production occurred independently of 
changes in numbers of Meg-CFC, GM-CFC, or BFU-E. A 
normal complement of T cells appears to be unnecessary 
for normal platelet production and its augmentation in 
response to the stimulus of acute immunothrombocytope- 
nia in vivo. 

This is a US Government work. There are no restrictions 
on its use. 


that may be responsible for control of thrombopoietin pro- 
duction or mediation of other thrombocytopoietic regulatory 
functions have not been identified. 

Dual regulation also has been proposed for growth of 
Meg-CFC in vitro. Both a colony-stimulating factor that 
promotes cell proliferation and a potentiator for maturation 
have been reported to be necessary.’ However, growth of 
megakaryocyte colonies, as well as cells that form colonies of 
other types of hematopoietic cells, can also be induced by the 
conditioned medium that is produced by spleen cells when 
they are exposed to a T cell mitogen, and this medium 
appears to contain all growth factors necessary for prolifera- 
tion and maturation of megakaryocytes in vitro.” Because 
of the potent effect of T cell products on Meg-CFC in vitro 
and the occasionally associated occurrence of platelet and 
immunological abnormalities in vivo, it has been proposed 
that T cells may play a thrombocytopoietic regulatory role in 
vivo.’ t? The possibility also has been suggested that immu- 
nothrombocytopenia, induced by APS, might result in 
changes in Meg-CFC that were more dependent on immuno- 
logical stimulation of T cells than on the thrombocytopenia 
per se. 

The present experiments were based on the concept that if 
T cells are important for the regulation of platelet production 
or for some aspects of the responses to APS, abnormalities of 
thrombocytopoiesis or its response to immunothrombocyto- 
penia might be found in T cell~deficient nude (nu/nu) mice. 
Athymic mice have been reported to have normal platelet 
and megakaryocyte counts,'* but their ability to increase 
platelet production in response to stimulation has not been 
reported. 


MATERIALS AND METHODS 


Mice. Athymic nude (nu/nu) mice were studied, and heterozy- 
gous hirsute nu/ + mice were used as controls. Mice were obtained 
from Charles River Breeding Laboratories (Wilmington, Mass) and 
from NCI-Frederick Cancer Research Facility (Frederick, Md). 
Nu/nu mice were housed, 5/cage, in a protective environment (Airo 
Clean Engineering Inc., Broomall, Pa); nu/+ mice were kept in a 
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standard mouse room. At the time of study, the mice were about 12 
weeks old; each mouse was anesthetized with ether, a sample of 
cardiac blood was drawn, and the mouse was killed by cervical 
dislocation. 

Blood and bone marrow cell counts. The cardiac blood samples 
were anticoagulated with dry K,EDTA. Platelet counts were done 
by phase microscopy.” Microhematocrits were determined with a 
Drummond centrifuge (Drummond Scientific, Broomall, Pa). Re- 
ticulocytes were counted by microscopy after staining with new 
methylene blue.’ Leukocytes were counted with a Coulter counter 
(Coulter Electronics Inc., Hialeah, Fla) at a 1:500 dilution in Isoton 
and Zapoglobin (Coulter). 

Bone marrow was flushed from each tibia with | mL of 1% 
Na,EDTA in saline. Total cells were counted by Coulter counter at a 
1:500 dilution in Isoton and Zapoglobin. Megakaryocytes were 
counted by microscopy with a hemacytometer, after addition of 0.1 
volume of new methylene blue; duplicate counts were done on each 
tibia, and the average number for both tibiae was calculated. 

Megakaryocyte size. Smears of bone marrow were made from 
split femurs with a 000 paint brush and then stained with Wright's 
and Giemsa stains. Stage II] megakaryocytes were identified by 
microscopy based on the morphological characteristics of azuro- 
philic granules throughout the cytoplasm and low nucleus:cytoplasm 
ratio. Areas of stage IH cells that had intact cytoplasmic borders 
were measured microscopically with a Zeiss MOP-3 digital image 
analysis system (Carl Zeiss, Oberkochen, W. Germany). Sizes were 
recorded as “units”; each unit was equal to | mm’ of the measuring 
tablet. A stage micrometer with divisions equal to 10u was used to 
determine that the linear magnification was 1230x. Based on a 
circular shape for the cells (a reasonable approximation for most 
megakaryocytes) 1000 “units” corresponded to an area of 660 p? in 
the bone marrow smear. Areas of 50 megakaryocytes were measured 
for each mouse, and the average area was calculated. This average 
was then used to calculate average areas for each treatment group; 
that is, each mouse was represented in the final calculations by one 
number, not 50 numbers. 

Guinea pig sera. Blood was collected, by cardiac puncture, from 
untreated guinea pigs under ether anesthesia. After it clotted, 
normal guinea pig serum (NGpS) was prepared by centrifugation 
and stored at ~ 20 °C. It was diluted 1:4 with saline, and 0.1 mL was 
injected intraperitoneally into each mouse treated with NGpS. 

Guinea pig antimouse platelet serum (APS) was prepared by 
injection of guinea pigs with mouse platelets (~3 x 10° platelets / 
injection) suspended in complete Freund's adjuvant (Difco Labora- 
tories, Detroit, Mich) and saline. The first injection was given into 
the foot pads and subcutaneously; 3 subsequent injections were given 
subcutaneously at 1, 2, and 4 weeks after the first. Immune serum 
was collected from cardiac blood 1 week after the final injection, and 
stored at — 20 °C. Prior to use, it was heated to 56 °C for 30 minutes, 
absorbed 3 times with equal volumes of washed mouse red cells, and 
then again stored at ~20 °C. It was diluted 1:4 with saline, and 0.1 
mL was injected intraperitoneally into each mouse treated with 
APS. 

Megakaryocyte and granulocyte-macrophage colony-forming 
cells (Meg-CFC and GM-CFC). Single-cell suspensions were pre- 
pared from bone marrow and spleen as previously described.*!? All 
cultures were performed in 35 mm diameter plastic Petri dishes 
(Falcon Laboratories, Oxnard, Calif) using a 0.3% agar medium 
which contained Dulbecco’s modified Eagle’s medium and 20% 
horse serum (Flow Laboratories, Inc., McLean, Va), prepared 
according to a modification of the method of Metcalf et al.’ To each 
culture dish, 0.1 mL of pokeweed mitogen-stimulated spleen- 
conditioned medium was added. Bone marrow cultures contained 
25,000 or 50,000 cells/mL, and spleen cell cultures contained 0.5 x 
10° or 1.0 x 10° cells/mL. 
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After seven days of incubation at 37°C in 100% humidity and 
10% Co, in air, cultures were scored for colonies using an Olympus 
dissecting microscope (Olympus Corp., Lake Success, NY) with 
indirect lighting and x35 to 40 magnification. Aggregates of 50 or 
more cells were scored as colonies except for megakaryocytes, for 
which 3 or more cells were considered a colony. Data presented in 
this article were based on triplicate cultures of cells pooled from 2 
mice for each experimental point in each experiment. Granulocyte- 
macrophage (GM) colonies and megakaryocyte (Meg) colonies were 
enumerated, based on their morphological characteristics. The num- 
ber of Meg colonies was confirmed by drying the agar cultures in situ 
with a hot plate and hair drier, followed by staining of the dried 
cultures for acetylcholinesterase, as described previously.*'’ Colo- 
nies were considered megakaryocytic if at least 3 cells demonstrated 
the characteristic orange-brown color, indicative of acetylcholines- 
terase, in the cytoplasm. The total numbers of Meg-CFC and 
GM-CFC per organ (femur or spleen) were calculated from their 
respective frequencies in cultures and the total nucleated cell count 
per femur or spleen. 

Erythroid burst-forming unit {BFU-E}. Humeral bone marrow 
suspensions were prepared in RPMI 1640 (Gibco Laboratories, 
Santa Clara, Calif) supplemented with 50 ug/mL gentamycin 
sulfate (Schering Corp, Kenilworth, NJ). Marrow was flushed from 
the bone using a 22 gauge needle, and single-cell suspensions were 
prepared by gently passing the cells through a 27 gauge needle, Cells 
were counted using a hemacytometer, and viability was determined 
by eosin exclusion. BFU-E were cultured in methylcellulose using a 
modification of the method of Stewart et al."? The culture medium 
consisted of 0.8% methylcellulose (Dow Chemical, Walnut Creek, 
Calif), 1 mmol/L L-glutamine (Gibco), 10-* mol/L mercaptoetha- 
nol (Sigma Chemical Co., St. Louis, Mo), 28 ug/ml CaCl, 
(Sigma), 1% BSA (Fraction V, Miles Scientific, Naperville, HD 
which had been deionized and lyophilized according to the method of 
McLeod et al, 30% fetal bovine serum (FBS; Flow), and alpha 
MEM (Gibco) containing 50 ng/mL gentamycin sulfate (Schering). 
Human urinary erythropoietin (4.78 U/mg; kindly supplied by Dr 
Gisela Clemons) was added at a final concentration of 2.5 U/mL, 
Bone marrow cells were plated at a concentration of 2 x 10° 
cells/mL. Cultures were incubated at 37 °C in 5% co, in air with 
saturated humidity. Bursts were scored in unstained cultures after 
seven days using an inverted microscope at 40x magnification. 
Erythroid bursts were identified by the presence of hemoglobin 
which gave a pink-orange-red color to the cells and by their colony 
morphology and individual cell size. Colonies with multiple large 
aggregates that contained >50 cells (usually > 100) were scored as 
BFU-E. Data are presented as mean number of BFU-E + SEM for 
at least 6 cultures of pooled marrow from 3 mice/group. 

Mitogen assays. Spleen cell suspensions were prepared in 
RPMI 1640 (Gibco) supplemented with 50 pg/mL gentamycin 
sulfate (Schering). Cell suspensions were made by teasing cells loose 
from the capsule with an 18 gauge needle. Single-cell suspensions 
were made by passing the cells several times through the tip of a 
Pasteur pipette followed by passage through a fine mesh nylon sock 
to remove the large clumps. The cells were counted using a hemacy- 
tometer, and viability was determined by eosin exclusion. Spleen 
cells were cultured in RPMI 1640 (Gibco) that contained $% FBS 
(HyClone Laboratories, Logan Ut; a lot screened for low back- 
ground response), | mmol/L sodium pyruvate (Gibco), 1% nones- 
sential amino acids (Gibco), 50 ng/mL gentamycin sulfate (Scher- 
ing), and 5 x 10°° mol/L mercaptoethanol (Sigma). Cells were 
cultured in quadruplicate in 96 well microtitre plates (Falcon) in a 
total volume of 0.2 mL/well containing 5 x 10° spleen cells and 2.4 
ng/mL phytohemagglutinin (PHA, Difco), 2.5 ug/ml. concanavalin 
A (Con A) (Miles), or 25 ng/mL lipopolysaccharide (LPS; Difco). 
Cultures were incubated at 37°C in a humidified atmosphere 
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containing 5% co,. After 48 hours, 1 microcurie of tritiated thymi- 
dine CHTdR; New England Nuclear, Boston, Mass) was added to 
each well; 16 hours later the cultures were harvested and cell 
radioactivity determined. Samples were harvested onto glass fibre 
filters using an automated sample harvester (Dynatech Laborato- 
ries, Inc., Alexandria, Va), and incorporated radioactivity was 
measured using a liquid scintillation counter (Beckman Instruments, 
Inc, Fullerton, Calif). The results are expressed as the mean counts 
per minute (cpm) of quadruplicate microwells +SEM. 

Statistical analysis. The significance of differences between 
mean values for different groups was determined with Student's ¢ 
test. Only cases with P < 0.05 are reported as significantly 
different. 


RESULTS 


In the present experiments, two approaches were utilized 
to determine if regulation of thrombocytopoiesis was normal 
or abnormal in nu/nu mice. The first was to compare 
hematological data in untreated nu/nu mice with those of 
untreated nu/+ controls. The second was to compare the 
responses of the two genotypes to acute thrombocytopenia 
produced by a single injection of APS. 

Blood and marrow findings in untreated nu/nu and nu/ + 
mice are presented in Table 1. Platelet counts, numbers of 
tibial megakaryocytes, sizes of mature megakaryocytes, and 
leukocyte counts were identical in both. The average hemato- 
crit was slightly, but significantly, lower in nu/nu than in 
nu/+ mice, but reticulocyte percentages were the same. 
Total tibial cellularity was lower in nu/nu than in nu/ +. 

Figure | shows data that confirm the T cell-deficient state 
of spleen cells from untreated nude mice. Spleen cells from 
nu/+, but not those from nu/nu, mice were stimulated to 
incorporate “HTdR by incubation with the T cell mitogens 
PHA or Con A. Spleen cells from both genotypes responded 
equally to the B cell mitogen LPS. 

Figure 2 shows blood platelet counts after an injection of 
APS, NGpS, or saline. Severe thrombocytopenia was present 
four hours after APS. Extensive cutaneous petechiae were 
visible on the hairless nu/nu mice. The subsequent recovery 
of platelet counts was similar in both genotypes. Significant 
rebound thrombocytosis occurred on days 5 and 6 with 
platelet counts of 146% to 193% of controls injected with 
NGpS. Day 6 platelet counts were significantly higher in 


Tabie 1. Hematologic Data of Untreated Mice 








nu/nu nuj + 

Number 26 26 
Platelets/mm? (x 1075) 1.376 + 0.050§ 1.337 + 0.038 
Megakaryocytes/tibia 

(x 1074) 8.0 + 0.7 8.7 + 0.6 
Megakaryocyte size 

{units}{ 1553.0 + 49.1 1506.9 + 41.8 
Hematocrit (%) 45.4 + 0.4 46.6 + 0.3* 
Reticulocytes (%) 1.6 + 0.2 1.4+0.1 
Leukocytes/mm? 2059 + 198 1800 + 179 
Celis/tibia (x 107°) 11.6 + 0.3 13.5 + 0.5ł 











*P < 0.025. Significance of difference between nu/nu and nu/+. 
Unmarked, no difference. 

+P < 0.005. Significance of difference between nu/nu and nu/ +. 

{Stage Ill megakaryocytes. 

§Mean + 1 SEM. 
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Fig 1. Tritiated thymidine incorporation into 5 x 10° spleen 
cells from untreated nu/au and nu/ + mice, assayed after culture 
in medium alone (background) or in the presence of a mitogen. 
Each point represents the mean counts per minute {cpm} for 
quadruplicate cultures. 


nu/nu than nu/+ mice injected with APS, but both geno- 
types showed thrombocytosis relative to controls injected 
with NGps. 

Average sizes of stage II] megakaryocytes after an injec- 
tion of APS, NGpS, or saline are presented in Fig 3. There 
was an abrupt increase in size on day 2 after APS to 141% to 
161% of the size in controls injected with NGpS, after which 
sizes returned to normal. 
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Fig 2. Platelet counts of (A) nu/nu and (B} nu/ + mice after a 
single injection of APS, NGpS, or saline given at time zero. Values 
for APS and NGpS are the mean + 1 SEM for 4 to 14 mice. Values 
for saline represent 3 to 4 mice. Platelet counts of nu/nu and 
nu/+ mice injected with APS were significantly greater than 
controls. injected with NGpS on days 5 and 6. On day 6, platelet 
counts cf nu/nu mice injected with APS were higher than those of 
APS injected nu/ + mice. 
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Fig 3. Areas of stage fll megakaryocytes of (A) nu/nu and (B) 
nu/ + mice after a single injection of APS, NGpS, or saline given at 
time zero. Values for APS and NGpS are the mean + 1 SEM for 4 to 
12 mice; individual values for saline treated mice are shown. Mean 
size for both genotypes was significantly {P < 0.001) greater after 
APS than after NGpS on day 2. 1,000 units of size, as plotted here, 
is equivalent to an unmagnified area of about 660 47. 


Hematocrits and leukocyte counts showed no differences 
between mice injected with APS and those injected with 
NGpS; reticulocyte counts were significantly higher (2.1 + 
0.2[SEM] v 1.1 + 0.3%) on one occasion, day 4 in nu/+ 
mice. In the marrow, nu/+ mice had significantly more 
megakaryocytes after APS than NGpS on day 2 (13.4 + 2.1 
v 8.4 + 0.8 x 10°/tibia), and slight hypercellularity was 
found on day 6 (nu/nu: 11.2 + 0.6 v 9.3 + 0.6 x 10° 
cells/tibia; nu/+:11.7 + 0.8v9.1 + 0.6 x 10° cells/tibia). 

Numbers of splenic Meg-CFC and GM-CFC are illus- 
trated in Fig 4. Both types of colony-forming cells increased 
in the spleens of nu/nu mice after an injection of APS (Fig 
4A and 4B), but only Meg-CFC increased after an injection 
of NGpS (Fig 4A). In contrast, neither type of colony- 
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Fig 4. Total splenic Meg-CFC (panels A and C) and GM-CFC 
(paneis B and D} after injection of APS or NGpS: controis were 
injected with saline. Meg-CFC were significantly (P < 0.05) 
greater than control in nu/nu mice (panel A) on day 4 after NGpS 
and on day 5 after APS. GM-CFC were significantly (P < 0.05) 
greater than control in nu/nu mice (panel B} on days, 2, 4, 5, and 6 
after APS. Other values did not differ from control values. Each 
point shows the mean and SEM of 3 experiments. The dashed line 
represents the mean + 1 SEM of 10 contro! mice of the appropri- 
ate strain. 
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forming cell increased in the spleens of nu/+ mice after 
injection of APS or NGpS (Fig 4C and 4D). Figure 5 
summarizes numbers of bone marrow Meg-CFC, GM-CFC, 
and BFU-E. None of these cell types increased in the marrow 
of nu/nu mice after injection of APS or NGpS (Fig 5A, 5B, 
and 5C). Control nu/+ mice showed an increase in Meg- 
CFC and GM-CFC four hours after APS (Fig 5D and 5E) 
and in Meg-CFC four hours after NGpS (Fig 5D); BFU-E 
did not increase (Fig 5F). 

To explore the possibility that the injections of heterolo- 
gous sera might have recruited latent T cell function in 
nu/nu mice, serial responsiveness of spleen cells to mitogens 
was determined after the injection of APS or NGpS. The 
results after APS are presented in Fig 6. As in the untreated 
mice shown in Fig 1, B cell function, ie, mitogenic response to 
LPS, was initially intact in nu/nu mice, but tended to 
diminish on days 5 and 6. Incorporation of “HTdR into 
nu/nu spleen cells after incubation with PHA or Con A did 
not exceed the baseline levels observed when cells were 
incubated in medium alone, except for a weak response to 
Con A on day 6. Responses to all mitogens were intact 
throughout the experiment in nu/+ spleen cells. The results 
after injection of NGpS are shown in Fig 7. Responses to 
LPS were intact in both genotypes throughout the experi- 
ment as were responses to PHA and Con A in nu/+ mice. 
Weak T cell responses were seen in nu/nu mice at six days to 
PHA and Con A and at four hours to Con A. 


DISCUSSION 


In the present experiments, untreated T cell-deficient 
nu/nu mice were found to be identical to T cell-replete 
nu/ + controls with respect to platelet count, megakaryocyte 
number, and megakaryocyte size. Furthermore, both geno- 
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Fig 5. Totai femoral Meg-CFC ipaneis A and D), femoral 
GM-CFC (panels B and E), and humeral BFU-E (panels C and F} 
after injection of APS or NGpS; controls for Meg-CFC and GM-CFC 
received an injection of saline; controls for BFU-E were untreated. 
The dashed line represents the mean + 1 SEM of 10 control mice 
of the appropriate strain. 
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Fig6. Serial observations of tritiated thymidine incorporation 
into 5 x 10° spleen cells from nu/nu and nu/ + mice after injection 
of APS. Assays were performed after incubation in medium alone 
(background) or in the presence of a mitogen. Each point repre- 
sents the mean counts per minute (cpm) for quadruplicate 
cultures. Time on the abscissa refers to the time after injection of 
APS into the mice that spleen cells were collected and cultured. 


types displayed hallmarks of stimulated megakaryocytopoie- 
sis after an injection of APS that have been found in other 
strains*®”° and other species!" *: macromegakaryocytosis 
and rebound thrombocytosis. Numbers of megakaryocytes 
increased in nu/+ mice two days after injection of APS, but 
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Fig 7. Serial observations of tritiated thymidine incorporation 


into 5 x 10° spleen cells from nu/nu and nu/ + mice after injection 
of NGpS. Assays were performed after incubation in medium alone 
(background) or in the presence of a mitogen. Each point repre- 
sents the mean counts per minute (cpm) for quadruplicate 
cultures. Time on the abscissa refers to the time after injection of 
NGpS into the mice that spleen cells were collected and cultured. 
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they did not significantly increase in nu/nu mice. Because of 
variability in the increase in megakaryocyte numbers after a 
single injection of APS, it is unlikely that this signifies an 
important difference between nu/nu and nu/ + mice. 

Increases in number and size of megakaryocytes, thought 
to be due to thrombopoietin in vivo,” resemble the effects of 
megakaryocyte potentiator activity on megakaryocyte colo- 
nies in vitro.” It has recently been reported” that mitogen- 
activated murine T lymphocytes produce potentiator activi- 
ty, thus possibly also explaining augmentation of growth of 
human megakaryocyte colonies by activated T lympho- 
cytes.” It was suggested that T cells may play an important 
role in amplifying platelet production in response to inflam- 
mation or infection.” However, the present results demon- 
strated that a full complement of T cells was not necessary 
either to maintain normal platelet production or to augment 
platelet production in response to acute immunothrombocy- 
topenia. Furthermore, the increase of splenic Meg-CFC in 
nu/nu mice, following administration of NGpS (which did 
not alter platelet levels), demonstrated that these T cell- 
deficient mice were capable of responding to an immunologi- 
cal challenge, as has been previously described in C57B1 
mice.* 

As determined by mitogen (PHA and Con A)-induced 
DNA synthesis, the untreated ne/nu mice used in these 
experiments had no demonstrable T cells in their spleens. 
However, others have reported that nu/nu mice are not 
completely lacking in T cells, but have low numbers of cells 
that react with antibodies to T cell antigens (reviewed in 
reference 31). Such cells do not prevent nude mice from 
accepting grafts of foreign tissue and do not provide the 
immunological support necessary for a normal life span. 
Likewise, spleen cells from nu/nu mice, of approximately the 
same age as those utilized in our experiments, do not appear 
capable of producing interleukin 2.” However, it is possible 
that the small numbers of T cells that are demonstrable with 
antibodies represent a selected population of T cells that 
might have hematopoietic regulatory capability. If so, their 
identification and further study would be of great interest. 
Macrophages from nu/nu mice have been found to have 
greater bactericidal activity than those from normal mice.” 
Therefore, it is noteworthy that macrophages have been 
identified as a potent source of potentiator activity that 
induces megakaryocyte differentiation in vitro. Thus, 
macrophages might have accounted for the normal stimula- 
tion of thrombocytopoiesis in nu/nu mice, However, it is also 
equally possible that neither T cells nor macrophages were 
involved and that regulation of platelet production is inde- 
pendent of these cell types. 

it also has been reported that athymic, but not euthymic, 
mice have splenic cells capable of suppressing the response of 
spleen cells to the B cell mitogen LPS.” If such suppressor 
cells were activated by the platelet antigen-antibody reac- 
tion, the delayed tendency for spleen cell responsiveness to 
LPS to decline in nu/nu mice after APS but not after NGpS 
might be explained. 

Levels of 3HTdR incorporation that were higher than 
background were detected on four occasions when nu/nu 
spleen cells were incubated with the T cell mitogens PHA or 
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Con A. In all cases the level of incorporation (cpm/5 x 10° 
cells) was considerably less than that found in control spleen 
cells. However, T cell recruitment, as demonstrated by 
mitogen responsiveness, did not appear to account for the 
stimulation of thrombocytopoiesis that was observed in 
response to immunothrombocytopenia, because only six days 
after APS injection did nu/nu mice show a weak mitogenic 
response. By that time, platelet counts were at rebound 
thrombocytotic levels, and megakaryocyte number and size 
had returned to normal; that is, stimulation of megakaryocy- 
topoiesis had already run its course. 

Similarly, correlations between changes in numbers of 
colony-forming cells and the state of thrombocytopoiesis in 
these mice are not obvious. The nu/nu mice showed delayed 
increases in splenic Meg-CFC after APS or NGpS and in 
splenic GM-CFC after APS, but thrombocytopenia and 
stimulation of thrombocytopoiesis occurred only after APS. 
However, platelet counts on the sixth day after APS were 
significantly higher in nu/nu than in nu/+ mice. Therefore, 
it could be proposed that splenic hematopoiesis, as shown by 
elevated levels of Meg-CFC and GM-CFC in nu/nu but not 
nu/+ spleens, may have accounted for the difference in 
platelet levels. Neither Meg-CFC nor GM-CFC increased in 
the nu/nu bone marrow. The changes in splenic and bone 
marrow CFC in nu/nu mice resembled those previously 
described in C57B1 mice,*° but increases in the spleen were 
of lesser magnitude and duration. In contrast, nu/ + controls 
unexpectedly showed no delayed increase in Meg-CFC or 
GM-CFC in the spleen, but numbers of Meg-CFC were 
increased in the marrow four hours after APS or NGpS, and 
numbers of marrow GM-CFC were increased four hours 
after APS. Since there were no clear-cut differences in 
thrombocytopoiesis in the two genotypes during the first five 
days after administration of APS, the influence of these early 
increases in Meg-CFC and GM-CFC in the marrow on 
subsequent megakaryocytopoiesis is not clear. These data 
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suggest that strain differences in CFC responses may exist, 
and they show that similar thrombocytopoietic alterations 
can accompany different Meg-CFC and GM-CFC responses 
to perturbation. 

Changes in numbers of CFC could not be attributed 
directly to thrombocytopenia or to an indirect effect of 
thrombocytopenia on the marrow, because they also 
occurred in mice injected with NGpS, which did not produce 
thrombocytopenia. Similar responses to normal heterologous 
serum also have been observed in C57B1 mice, and it was 
postulated that stimulation of the reticuloendothelia!l system 
played a role in the response.* In addition, increases in 
GM-CFC occurred in the marrow of nu/+ mice and the 
spleens of nu/nu mice only after APS, whereas increases in 
Meg-CFC followed administration of either APS or NGpS. 
Others*”* have reported that the proportion of Meg-CFC in 
DNA synthesis increases in response to thrombocytopenia 
even if numbers of Meg-CFC do not increase.** Thus, cell 
cycle status, which was not measured in our experiments, 
may be a more sensitive indicator of the involvement of 
Meg-CFC in thrombocytopoiesis than is their number. 

The observations that hematocrits and bone marrow cellu- 
larity were lower than normal in nu/nu mice confirms 
reports of others.'*°° Marrow hypocellularity has been 
reported to be due mainly to low numbers of erythrocytic and 
lymphocytic cells.’ 

In summary, our data indicated that T cell~deficient 
nu/nu mice regulated thrombocytopoiesis normally both in 
the unperturbed steady state and in response to acute immu- 
nothrombocytopenia. This suggests either that T ceils were 
not required for the regulation of platelet production in vivo 
or that T cell thrombocytopoietic regulatory function resided 
in the small population of T cells that exists in nu/nu mice. 
Delayed and nonspecific responses of Meg-CFC suggested 
that quantitative changes in these cells were not essentia! for 
the response to acute immunothrombocytopenia. 
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Studies on B Lymphoid Tumors Treated With Monoclonal Anti-idiotype 
Antibodies: Correlation With Clinical Responses 


By James N. Lowder, Timothy C. Meeker, Michael Campbell, Carlos F. Garcia, Julie Gralow, 
Richard A. Miller, Roger Warnke, and Ronald Levy 


Monoclonal anti-idiotype antibodies can be made which are 
exquisitely specific for B lymphocytic malignancies. We 
have conducted a clinical trial in which some patients’ 
tumors regressed after infusion of such antibodies. Here, 
we evaluated characteristics of the antibodies, the tumors, 
and the patients to determine which features best corre- 
lated with the clinical response. Neither the isotype of the 
murine antibodies, nor their avidity were predictive of 
clinical outcome. The specific epitope to which the anti- 
bodies bound was characterized by immunochemical tech- 
niques. Reactivity with a heavy-light chain combinatorial 
determinant correlated somewhat with clinical effect. 
Variations in the characteristics of the individual tumors 
such as antigen sites per cell and ability to modulate the 
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(MoAbs) directed against human tumor cell surface 
antigens has been tested in several clinical trials. ="? Antibod- 
ies specific for the idiotype of the surface immunoglobulin 
(Ig) of B cell malignancies have been among the most 
successful in inducing regressions of tumor.’* In our clinical 
trial, six of ten evaluable patients experienced clinically 
significant responses of disease during MoAb therapy. One 
patient's disease regressed completely. Of the five others who 
experienced a partial response, four had virtually all the 
tumor which reacted with the antibody eradicated. In those 
four cases, the original tumor population was replaced by 
mutant tumor cells which were unreactive with the anti- 
body.'*'* However, four other patients treated with anti- 
idiotype antibodies had no tumor response. It is important to 
determine which variables pertaining to the antibodies, 
tumors, or patients may have influenced the clinical out- 
come. We previcusly described a correlation between the 
numbers of normal T cells infiltrating the tumor with 
response to anti-idiotype antibody therapy.'* Other variables 
may also be important. A unique antibody was developed for 
each patient. Thus, the antibodies potentially differed from 
each other in isotype, in avidity of binding, and in epitope 
specificity. 

In addition to the properties of the antibodies, differences 
in the tumors are potentially important. Normal B lympho- 
cytes are responsive to many regulatory substances which 
promote or inhibit proliferation and/or differentiation.'!°” 
Anti-lg or specific antigen, which, like anti-idiotype antibod- 
ies, bind to the surface immunoglobulin, can stimulate or 
inhibit the proliferation of normal B cells, even in the absence 
of other mitogenic factors.'°'** Jerne proposed that autol- 
ogous anti-idiotype antibodies exert a major inhibitory force 
on B cell clones in the immune response.” In addition, the 
maturational state of B cells greatly influences their depen- 
dence on growth factors and their receptiveness to immune 
control, including that mediated by anti-Ig antibodies.'*'’ B 
cell tumors appear to represent various stages of normal 
differentiation, reflected by their morphologic appearance, 
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surface immunoglobulin were not predictive of response. in 
one patient with prolymphocytic leukemia the anti-idiotype 
antibody had a direct antiproliferative effect on tumor cells 
in vitro. This patient's tumor response was explainable by 
such a direct mechanism. In the other patients, who had 
lymphomas, therapeutic outcome correlated with the num- 
ber of host nontumor cells infiltrating the tumor. The vast 
majority of these nontumor cells were mature T iympho- 
cytes of the Leu 4, Leu 3 (T3, T4) phenotype. Thus, a 
preexistent host-tumor interaction seems to be important 
in the in vivo effect of anti-idiotype antibodies in B cell 
tumors. 

© 1987 by Grune & Stratton, Inc. 


ability to secrete immunoglobulin, and tissue localization. By 
analogy, the differentiation state of a tumor may alter its 
response to anti-idiotype antibody. 

Patients with B cell lymphoma can be immune deficient as 
a consequence of their disease and/or treatment. Aner- 
gy. frequent infections, hypogammaglobulinemia, and cyto- 
penias are common problems in patients with B cell malig- 
nancies, but vary in severity from patient to patient. These 
patients might thus have effector systems for antibody- 
mediated tumor responses. The natural history of low grade 
B cell lymphoma is characterized by long periods of quies- 
cent disease and occasionally spontaneous regressions.” 
Some host antitumor response may be operative in these 
patients and the anti-idiotype antibody might augment that 
interaction. 

Thus, analysis of the factors important in determining the 
outcome of anti-idiotype treatment is complicated by the 
large number of variables. Each patient, his tumor, and his 
antibody are unique. In this study, we attempted to correlate 
a variety of in vitro studies of the antibody, tumor, and 
patient with the clinical response. 
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MATERIALS AND METHODS 


Patients 


Patients in this study and their treatment with anti-idiotype 
antibody were described in detail in a prior publication.’ Briefly, all 
patients had B lymphoid malignancies, eight with nodular lym- 
phoma and one each with large cell lymphoma, prolymphocytic 
leukemia, and diffuse small cleaved cell lymphoma with foci of large 
cell lymphoma. Monoclonal anti-idiotype antibodies were made for 
each patient’s tumor as previously described.” Tumor samples 
obtained from the peripheral blood, bone marrow, lymph nodes, skin 
masses, or spleen of each patient had been frozen in liquid nitrogen 
and were available for this study either as viable cell suspensions or 
as frozen tissue fragments. 


Immunophenotyping and Enumeration of Subsets 


Tumor samples taken prior to therapy were evaluated by routine 
pathologic analysis, immunoperoxidase staining of frozen sections, 
and immunofluorescence analysis of single cell suspensions using 
methods that have been previously described.” 


Rescue Hybridization 


in order to obtain idiotypic protein from the nonsecreting tumor 
cells, “rescue fusions” were performed with mouse myeloma or 
heteromyeloma cells as previously described.“ The resulting 
hybrids were screened for secretion of human heavy and light chains 
of the appropriate type by enzyme-linked immunosorbent assay 
(ELISA). The secreted proteins were purified by immunoaffinity 
chromatography and used in the assays described below. 


Quantitation of Surface IgM 


The relative amount per cell of surface immunoglobulin on the 
different tumors was obtained by flow cytometry using the FACS 
440 fluorescence-activated cell sorter (Becton Dickinson, Mountain 
View, Calif) by methods previously described.’ The mean linear 
fluorescence intensity’ was determined on single cell suspensions of 
tumor stained with a fluorescein isothiocyanate (FITC)-conjugated 
monoclonal antibody, 1D12, which is reactive with human g heavy 
chain. 


Binding constant determination 


Equilibrium plate method. Anti-idiotype antibody was meta- 
bolically labelled with "Se-selenomethionine (Amersham Co, 
Arlington Heights, HI). Approximately eight million hybridoma 
cells were incubated for 16 hours in methionine-free RPMI 1640 
(GIBCO, Grand Island, NY) containing 5% dialyzed heat-inacti- 
vated fetal calf serum. After the labelling period, cells were removed 
by centrifugation and the supernatant was dialyzed extensively 
against phosphate buffered 0.9% saline (PBS) to remove unincorpo- 
rated label. The concentration of anti-idiotype antibody in the 
labelled supernatant was determined by immunoassay. The percent 
of protein-bound radioactivity in the form of active antibody was 
determined by binding at equilibrium to a vast excess of idiotype 
{tumor cells) or goat anti-mouse Ig (coupled to Sepharose beads). 
The fraction of the total radioactivity that was bindable varied from 
24% to 50%. 

The binding constant determination was performed in a microtiter 
plate (Cooke Engineering, Alexandria, VA). Wells were coated with 
100 aL of diluted idiotype protein or an irrelevant IgM and then 
incubated with 150 uL of PBS/bovine serum albumin (BSA) for one 
hour. After washing, 100 uL of serially diluted labelled anti-idiotype 
was added to the wells. After a six-hour incubation at room 
temperature, the supernatants were removed and the plates were 
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quickly washed four times. The dry wells were cut with a hot wire 
device and counted in a gamma counter. All experimental points 
were measured in triplicate. 

The free counts in each well were determined by subtracting the 
bound counts from the total inpat counts. The ratio of bound/free 
was plotted v bound and a slope of their curve was determined,” and 
the binding constant was determined according to the following 
equation: 


SA = cpm /#g 
vol = O.1 mi. 
mol wt = 150,000 


~(slope)(SA}10 


- x b.4(vol 
4.44(mol wt) 

Soluble complex method. The second method used to measure 
antibody avidity was a modification of the method reported by 
Griswold and Nelson.” This method is based upon thermodynamic 
principles which predict that the binding of antibody to antigen will 
decrease as the total reaction volume is increased, provided the 
number of moles of antigen and antibody are held constant. The rate 
of this decrease is related to antibody evidity. 

The assay was performed by mixing anti-idiotype with a 3-fold 
excess of idiotype, and diluting this mixture 1:5 and 1:10 into 
PBS/10% fetal calf serum. After a four-hour incubation, 50 pL 
aliquots of these mixtures were added, in quadruplicate, to wells of a 
96-well microtiter plate coated with goat anti-mouse IgG antibody. 
The concentration of mouse anti-idiotype initially mixed with idio- 
type was previously determined to be nonsaturating on the anti- 
mouse IgG coated plate. After another four-hour incubation, plates 
were washed and a horseradish peroxidase (HRP)-coupled goat 
anti-human IgM antibody was added followed by 2,2’-azinodi- 
(3-ethylbenzthiazoline) sulfonic acid (ABTS) substrate to detect 
anti-idiotypetidiotype complexes bound to the plate. Avidity was 
calculated utilizing the BASIC program described by Griswold and 
Nelson. Given the initial idiotype concentration, the dilution 
factor, and the fraction idiotype bound at two different reaction 
volumes the program determines an avidity value using a binary 
search algorithm. 


Western Blots 


Probing of purified proteins with radioactive antibodies was 
performed following the method of Burnette.” Idiotype protein from 
each patient was electrophoresed in a 10% sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) system in both 
reduced and unreduced states. The protein was electrophoretically 
transferred to nitrocellulose (0.45 um, Millipore, Bedford, MA) 
overnight. The nitrocellulose was incubated 2 to 8 hours in PBS/5% 
nonfat dry milk (Carnation, Los Angeles) (PBS/NFDM). First 
stage antibody at 5 to 10 ug/mL in PES /NFDM, was followed by an 
"todine-labelled goat anti-mouse Ig (TAGO, Burlingame, Calif) 
also in PBS/NFDM. The nitrocellulose was washed between steps 
with 0.9% saline and 0.9% saline /0,05% NP-40. Autoradiography 
was performed after the last wash. 


Blocking of a Monoclonal Antihuman u (clone 1 D12} with 
Antiidiotype Antibody 


Further definition of the fine epitope specificity of the anti- 
idiotype antibodies was determined by their ability to compete for 
binding with a murine IgG] MoAbs specific for human u heavy 
chain, to the appropriate idiotype protein. Tumor cells stained by 
directly fluoresceinated 1D12 antibody in the presence or absence of 
anti-idiotype antibody were amalyzed by flow cytometry and their 
mean fluorescences were compared. Tumor cells frozen in 10% 
dimethyl sulfoxide (DMSO) were thawed and viable cells were 
isolated using Ficoll-Hypaque density gradient centrifugation. 


STUDIES ON B LYMPHOID TUMORS 


Twenty-minute incubations of 10° cells with 100 uL of 10 ug/mL of 
first stage antibody diluted in PBS/BSA/0.01% sodium azide were 
performed at 0°C. The cells were washed twice with cold PBS/ 
BSA/azide. The final antibody, ID12FITC, was added to the cells 
which were incubated on ice, washed, and then fixed in 10% 
paraformaldehyde in PBS. Twenty thousand cells were counted in 
the flow cytometer and their mean fluorescence in linear units was 
determined.“ The percent blocking was determined using the follow- 
ing equation: 


% blocking 
(mean F anti-id + 1D12FITC — background F) 


~ (mean F irrelevant MoAb + 1D12FITC — background F) 
x 100 


Modulation of Surface Idiotypic Immunoglobulin 


Aliquots of single cell suspensions of frozen biopsy specimens were 
thawed and viable mononuclear cells were separated by Ficoll- 
Hypaque density gradient centrifugation. In order to induce modula- 
tion, aliquots of the tumor cell suspension were incubated with 
MoAbs in 5% CO, at 37 °C for varying periods of time. Cultures 
were started at different times to allow simultaneous staining of cells 
incubated for 0, 1. and 24 hours. After incubation, the cells were 
washed extensively with PBS /BSA and then stained for flow cytom- 
etry as described above. First stage antibodies used in the staining 
included an appropriate irrelevant MoAb, the appropriate anti- 
idiotype MoAb, and 1D12 MoAb. Binding of MoAb to the cells was 
detected with fluoresceinated goat anti-mouse IgG. The mean linear 
fluorescence was determined using a FACS IV (Becton Dickinson, 
Mountain View, Calif).“ The percent modulation observed for a 
particular time and MoAb concentration was determined as fol- 
lows: 


(mean F modulated tumor) 


— (mean F tumor +second step) 
% modulation = | — ———— e x_ 100 
Í l (mean F unmodulated tumor) 


— (mean F tumor + second step) 
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Tumor Cell Proliferation Assays 


Two hundred thousand viable cells obtained from either a prether- 
apy tumor biopsy or peripheral blood mononuclear cells, if more than 
90% were idiotype positive, were added to a 96-well microtiter plate 
in 200 uL of complete medium supplemented with sodium pyruvate 
(1 mmol/L) and 2-mercaptoethanol (10°* mol/L). One half of the 
wells also contained | ug/mL phytohemagglutinin (PHA) (Well- 
come, Greenville, NC) and phorbol myristic acetate 10 ng/mL 
(PMA) (Sigma Chemical Co, St. Louis, MO). To triplicates the 
appropriate anti-idiotype antibody, 1D12 (anti x) or an isotype 
matched control antibody were added at a concentration of 10 
ug/mL. The plates were incubated in 5% CO, at 37 °C for 2, 4, or 6 
days and then pulsed with *H-methylthymidine at a concentration of 
1 uCi per well. The celis were harvested and counted as previously 
described.” 


RESULTS 
Murine Antibody Isotype 


The isotypes of the MoAbs used to treat the eleven 
patients are listed in Table 1. Strict criteria were used to 
define the specificity of each anti-idiotype antibody, and 
antibodies only of the IgG class were selected. However, no 
selection was imposed for IgG subclasses. In most instances 
the first hybridoma clone obtained with the appropriate 
specificity and stability was chosen for the therapeutic trial. 
The higher frequency of IgG1 anti-idiotype MoAbs reflects 
their greater frequency among all the hybridomas generated. 
Six patients received 1gG1, two IgG2a, two IgG2b, and one 
received three antibodies, one of each isotype. There was no 
correlation in this study between the IgG subclass of the 
antibody and the occurrence of a tumor response. The only 
patient to achieve complete elimination of tumor received an 
IgG2b antibody; the next most dramatic responder was 
treated with an IgG2a. However, four of six patients infused 
with IgGI anti-idiotype MoAb experienced objective 


Table 1. immunochemistry 


DOnna aa tent ernment EOE 


Patient PK FS BL RD BJ CJ cP CG TG KL PE 
Treatment order 01 02 03 04 05 06 07 08 09 10 1 
Response* 100 90 0 60 10 55 0 45 0 NE 30 
idiotype 

Phenotype pr We uK uA uK HK pa HK UK HA fix 

Densityt 219 1479 389 224 ND 370 790 ND 186 ND ND 
Antibody 2b v1 yi yi 2b yi y1 y1 v2a ¥1, y2a, y2b YA 
Epitope 

1D12 Blockt 15 77 9 62 ND 69 15 ND 81 10. 62, 72 ND 

Chain§ HL HLI H HL, H H -1 ND HL ND HL 
Affinity 

Rank 4 5 2 8 6 7 3 1 

Plate# 230 64 >500 ND ND 48 45 ND 410 ND ND 

Dilution# 100 41 530 <1 ND 34 29 ND ND 38, 220, 36 


Abbreviations: ND, not determined: NE, not evaluable. 
*Percent reduction in overall measurable turnor. 





tEstimate of surface immunoglobulin per cell expressed as mean linear fluorescence of 2 x 10° tumor cells stained with 1D12-FITC. 


tExpressed as percent of maximal blocking of 1D12 by itself. 


Reactivity of antiidiotype antibody with idiotype protein on Western blot; H, heavy chain: HL, heavy and light chain together. 


i SDS-sensitive idiotope, renaturable. 
§SDS-sensitive idiotope, not renaturable. 
#Binding constant x 107. 
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responses. Two other evaluable patients treated with IgG2 
antibodies had no response. 


Idiotypic Protein 


All tumors described in this study expressed IgM on their 
cell surface. Four expressed À light chain and seven expressed 
k light chain. Six patients (one A, five x) secreted IgM which 
could be detected in the serum in concentrations of 0.1 to 400 
ug/mL. This secreted idiotypic protein was an [gM pen- 
tamer as determined by gel electrophoresis of samples iso- 
lated from the serum of two patients and from supernatant 
from “rescue hybrids” of the tumors of three others™ (un- 
published data). Although the presence of free idiotype 
protein in the serum could block binding of anti-idiotype to 
cellular idiotype, it did not preclude a favorable therapeutic 
result if a dose of anti-idiotype MoAb sufficient to achieve 
extravascular penetration was infused. 

Estimation of the amount of surface [gM per tumor cell, 
revealed a sevenfold difference between the highest and 
lowest of the tumors tested (Table 1). The tumor cells from 
patient FS, with prolymphocytic leukemia, had nearly twice 
as much surface Ig as the next highest expressing tumor. 
Cells of the majority of patients clustered in the lower range, 
and there was no correlation between surface Ig expression 
and clinical response. 


Epitope 

The surface IgM of each individual tumor has a unique 
variable region with its own idiotypic determinants, but the 
majority of the molecule is made up of constant protein 
sequences shared by them all. The anti-idiotype MoAbs were 
by definition specific for determinants dependent upon the 
variable regions of the heavy and/or light chains of the tumor 
specific immunoglobulin. This epitope could be further 
defined by several methods. A particular MoAb, 1D12, 
which is specific for the human y heavy chain and presum- 
ably reactive with a determinant in the constant region 
proximate to the variable region, could be significantly 
blocked by six of the ten anti-idiotype antibodies that were 
tested (Table 1). It is unclear whether the anti-idiotype 
antibodies that block sterically hinder the binding of 1D12 or 
if their binding produces changes in the tertiary structure 
which alter the 1D12 binding site. Different anti-idiotype 
antibodies against the same IgM molecule can differ in their 
effects on 1D12 antibody binding presumably because they 
bind to different sites (idiotopes) (Fig 1). 

Immunoblots of reduced and unreduced idiotype protein 
provided additional information about the idiotypic deter- 
minant recognized by each antibody (Table 1). This tech- 
nique can distinguish between antibodies which bind to an 
idiotope located on the isolated heavy or light chain, sepa- 
rated by gel electrophoresis after reduction, from those that 
require the intact immunoglobulin. Examples of both situa- 
tions are displayed in Fig 2. In two cases, the electrophoresis 
procedure produced changes in the conformation of the 
idiotype of the unreduced molecule which prevented binding 
by the antiidiotype antibody.*! The sodium dodecyl sulfate 
used in the electrophoresis was believed to be the factor 
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Fig 1. Anti-idiotype antibody blocking of 1D12. Histograms 


show the logarithmic fluorescence intensity after staining of a cell 
line derived from the tumor of patient KL which expressed 
idiotype-positive surface IgM. The calls in each histogram were 
stained with 1D12 anti-~ MoAb conjugated to fluorescein isothio- 
cyanate (1D12-FITC) as a second step. The solid line in each panel 
represents initial incubation of the celis with a nonbinding isotype 
control antibody, showing maximal staining with the 1D12-FITC. 
The dashed line represents cells incubated previously with uncon- 
jugated antibody, {A} 1D12, (B) 22.7 anti-idiotype. {C} 17.6 anti- 
idiotype, and (D) 9.15.17 anti-idiotype. Displacement of the curve 
to the left represents the relative ability of the first step antibody 
to block the binding of 1D12-FITC to its epitope. 


responsible and after washing with urea and NP-40 the 
binding site was restored in one of these two cases.** Of eight 
idiotypic proteins evaluable by this method, five reacted only 
with the assembled heavy-light chain molecule and three 
reacted with both the isolated heavy chain and the intact 
antibody. None of the anti-idiotype MoAbs reacted with the 
free light chain. 

The ability to block 1Di2 and the chain reactivity on 
Western blot analysis did not correlate with each other and 
appear to evaluate different facets of idiotypic fine specific- 
ity. Blocking of the 1D12 binding site did not correlate with 
clinical outcome. However, the data do suggest that reactiv- 
ity with an HL combinatorial determinant may be impor- 
tant, that is, 4/5 responders v 1/2 nonresponders had HL 
reactivity. 


Binding Constants 


Another potentially important feature of the anti-idiotypic 
antibodies is their affinity or avidity. Determination of 
affinity requires accurate measurements of the concentra- 
tions of free and antibody-bound antigen under various 
conditions. In this case, both antigen and antibody are large 
proteins and complexes cannot be easily separated from free 
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Fig 2. Immunoblotting of idiotype proteins with 
anti-idiotype antibodies. idiotype protein was sub- 
jected to SDS-PAGE under reducing lanes 1 and 2 (R) 
and nonreducing lanes 3 and 4 (UR) conditions and 
electroblotted onto nitrocellulose membranes. Puri- 
fied idiotype from patient PK (panel A) and CJ (panel 
B) were probed with the appropriate anti-idiotype 
(anti-id) or isotype matched control (C) antibodies and 
binding was detected with ‘*I-goat anti-mouse lg. 
Anti-idiotype for patient PK reacted with only the 
combined heavy and light chain and not with the 
isolated heavy or light chain. Anti-idiotype for patient 
CJ reacted with both isolated heavy chain and the 
intact molecule. 


antigen. Two relatively independent methods were used to 
determine the binding constants of the anti-idiotypic MoAbs 
for which purified idiotype was available (Table 1). Both 
methods partition unbound antibody from bound antibody 
by fixing the immune complexes to a solid phase. In the 
equilibrium plate method the concentrations of bound and 
free anti-idiotype antibody are determined after interacting 
with the idiotype which was initially fixed to a plastic plate. 
The soluble complex method measures the amount of soluble 
complex formed by a fixed ratio of antibody and antigen at 
different total protein concentrations. These independent 
methods are clearly in agreement regarding the rank order of 
avidity of the MoAbs studied and remarkably close in their 
absolute values. A thousandfold difference existed between 
the most avid (PE) and the least avid (RD) antibodies. The 
highest and lowest values, however, were outside the most 
accurate quantitative range of both assays and the numerical 
values assigned to these two cases are less precise than the 
others. The rank order of these antibodies, however, is clear, 
and there was no correlation between this feature of the 
antibody and clinical response. 
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Modulation 


Surface immunoglobulin, like many cell surface proteins, 
can move within the plane of the membrane and when 
cross-linked by multivalent antibody may be internalized 
causing the disappearance (modulation) of the surface anti- 
gen. The anti-idiotypic MoAbs caused a variable degree of 
modulation of cell surface idiotypic immunoglobulin both in 
vitro and in vivo. Fig 3 demonstrates differences in the 
modulability by their respective anti-idiotypic antibody of 
the tumors tested. The time dependence of modulation can 
be appreciated, as all tumors demonstrate increased modula- 
tion between one and 24 hours of incubation. Considerable 
variation existed among the tumors as to the maximal 
modulation which could be induced. CP exhibited no modu- 
lation at the | ug/mL concentration of anti-idiotypic MoAb 
and significantly less than the others at the higher concentra- 
tion. Others were able to modulate 50% to 90% over 24 
hours. Tumor cells of patient CG underwent extensive modu- 
lation in vivo as demonstrated in a lymph node specimen 
removed during treatment with anti-idiotypic MoAb (data 






Fig 3. Modulation of surface immunoglobulin by 
anti-idiotype antibody. The tumor cells evaluated in 
Fig 3 were incubated for varying times with 1 or 10 
ug/mL of anti-idiotype antibody. After staining with 
FITC-labeled goat anti-mouse Ig, the mean fluores- 
cence of the celis was determined and related to that 
for cells incubated with a nonbinding control. Com- 
plete disappearance of surface immunoglobulin is 
equivalent to 100% modulation. The analysis was not 


KL PE performed on patients PK, BJ, CG, KL, and PE. 
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are displayed in Table 2. The addition of the mitogens PMA 
and PHA increased the baseline proliferation of the cells by a 





€ 13 factor of three to ten (Table 2A), but the effects of the 

8 A antibodies were the same whether or not the mitogens were 

8 present (Table 2B). The cells incubated without antibody 

S 60 maintained a stable proliferative state over the seven-day 

> period. Three of the tumors were unaffected by the addition 

5 40 of either the anti-idiotype or the anti- antibody. Two other 

a tumors were mildly affected (TG was suppressed; BL was 

= 20 stimulated) by both their respective anti-idiotypic antibody 

and by anti-u. Neither of these patients experienced any 

change in their tumors upon treatment with their anti- 

PK FS BL RD BJ CJ CP CG TG KL PE idiotype antibodies. By contrast, tumor cells from patient FS 

PATIENT were markedly suppressed by both anti-idiotype and anti-z 

MoAb. This patient, with prolymphocytic leukemia, had a 

Fig 4. Modulation of surface immunoglobulin by 1D12 anti- = dramatic and sudden response to anti-idiotype antibody 

ihe dirk pATOnTa Te r ie cau bie therapy, in contrast to the rather gradual responses observed 
with 1D12 (anti-u chain MoAb) at a concentration of 10 ug/ml. : l l 

The percent modulation was determined as described in Fig 3. in other responding patients.’ The rapid tempo of the clinical 


response in patient FS and the unusual susceptibility of his 
not shown). Modulation appeared to be a function of both the tumor cells to a direct antiproliferative effect by anti-Ig 
biologic behavior of the tumor cell and the MoAb used. antibodies in vitro suggest the mechanism for his response 
Modulation induced by the anti-u MoAb 1D12 (Fig 4) was was different from that for the other patients. 
similar to that induced by the anti-idiotype MoAb, however, 
the rate at which it occurred and the absolute degree of Host Factors 


surface antigen decrement varied. Avidity, epitopic specific- The various tissues obtained from the patients were ana- 
ity, and clinical response did not correlate with in vitro lyzed by immunofluorescence and flow cytometry of cells in 
modulation. suspension and by immunoperoxidase staining of frozen 


l ; , tissue sections. All specimens contained numerous infiltrat- 

Effects of MoAb on In Vitro Proliferation of Tumor ing normal cells. As previously reported, the normal host 
In order to investigate whether the anti-idiotypic MoAbs cells infiltrating the tumor were composed primarily of T 
had a direct effect upon their respective target tumor cells, lymphocytes. These T cells were predominantly of the Leu 3, 
we cultured the cells in vitro with the anti-idiotype or with Leu 4 (T4, T3) positive (helper) phenotype (Table 3). 
the anti-u 1D12 antibodies in the presence or absence of Smaller numbers of Leu 2, Leu 4 (T8, T3) positive (cyto- 
mitogens PHA and PMA for up to seven days. The results toxic, suppressor) T cells were also present, as were a small, 


Table 2. Proliferation Assays 


PK FS BL RD BJ CJ cP CG TG KL PE 





sees cpg tech at a a ne I lea reer 

A. 

CONTROL MoAb* 
Day 3 ND 145 5.5 20 ND 2 21 ND 32 ND ND 
—Mitt ND 95 0.7 3 ND 0.8 4 ND 4 ND ND 
Day 5 ND 55 7 26 ND 2.5 13 ND 31 ND ND 
-Mitt ND 10 0.5 2.5 ND 1 5 ND 3 ND ND 
Day 7 ND 50 10 29 ND 3 12 ND 30 ND ND 
Mitt ND 4 0.5 2.5 ND 1 3 ND 3 ND ND 

B. 

ANTIIDIOTYPE MoAbt 
Day 3 ND 79 145 100 ND 100 100 ND 74 ND ND 
Day 5 ND 63 157 100 ND 100 100 ND 73 ND ND 
Day 7 ND 14 149 100 ND 100 100 ND 74 ND ND 

ANTI-MoAbt 
Day 3 ND 62 120 100 ND 100 100 ND 75 ND ND 
Day 5 ND 45 125 100 ND 100 100 ND 75 ND ND 
Day 7 ND 14 112 100 ND 100 100 ND 78 ND ND 


ND, not determined. 

*Proliferation of tumor cells as measured by 3H-thymidine incorporation in counts per minute x 107%. 
+Weils without mitogens. 

tReported as percent of the 3H-thymidine incorporation seen with control MoAb (Table 2A) 
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Table 3. Pretherapy Biopsy Specimens Analysis with Monocional Antibodies* 


Total 
Pre-Therapy 
Patient Biopsiest Diagnosist Tissue§ Leu-4 

PK 2 N/DLPD LN 51 
FS 1 PLL BM 

BL 1 N/DLPD LN 15 
RD 1 DLPD/LCL LN 31 
BJ 1 NML LN 16 
CJ 2 NLPO LN 34 
CP 2 NLPD LN 19 
CG 2 NML Spleen 23 
TG 1 NLPD Spleen 

KL 2 DLCL LN 

PE 3 N/DPLD LN 77 


Abbreviations: ND, not determined: NE, not evaluable. 





Tumo 7 

Leu-3 Leu-2 Leu-7 Celis Response | 
36 7 7 30 700 
14 1 0.5 83 90 
13 6 2 79 G 
14 8 2 80 66 
15 5 2 80 10 
20 8 4 88 55 
16 4 2 86 0 
24 3 2.7 79 45 
7 1 0.4 90 o 

10 1.7 ND 80.7 NE 

70 9 5.1 26.1 90 
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“Reported as percent of total cells positive for each antibody as determined by flow cytometry, except for patient PK and all Leu 7 data which was 


determined from immunoperoxidase-stained frozen sections. 
t Numbers reported are representative of all pretherapy biopsies. 


FNLPD: nodular lymphocytic poorly differentiated, DLPD: diffuse lymphocytic poorly differentiated, PLL: prolymphocytic leukemia, LCL: large cell 


lymphoma, NML: nodular mixed lymphoma. 
LN: tymph node, BM: bone marrow. 
Percent reduction in overall measurable tumor. 


variable number of Leu 7 positive (NK/K) cells. Leu 7 
positive cells were large and localized to follicles in patients 
with follicular histology. In patients with follicular diseases 
the host infiltrate cells were localized predominantly in the 
interfollicular areas. 

Interestingly, we observed that ratios of malignant B cells 
to nontumor T cells existed which were characteristic for 
each patient. For instance, in one patient, pretherapy speci- 
mens were obtained from three different tissue sites (lymph 
node, skin, and bone marrow) at two separate time points. 
All three biopsies were found to have maintained a similar 
ratio of tumor cells to host infiltrate (Fig 5). 

There was a correlation between the number of nontumor 
T cells present in biopsy specimens prior to anti-idiotype 
therapy and the response to that therapy (Fig 6). This 
correlation was especially striking in view of the failure of the 
many other parameters of the therapeutic MoAb, the tumor 
cell, and the host mentioned above to predict response to 
anti-idiotype therapy. Of the two patients with tumors 
containing 56% to 80% Leu 4 positive cells in the biopsy, the 
disease in one completely remitted with anti-idiotype MoAb 
and that in the other showed an impressive response. The 
difference in the proportion of T cells in these two patients 
compared to the other patients was statistically significant 
(P < .001). The patients with lesser responses had between 
23% and 34% Leu 4+ cells in their pre-MoAb therapy tissue 
biopsies. The patients who had no tumor response all had less 
than 16% T cells in their specimens. This evaluation excludes 
patient FS, whose disease was a leukemia rather than a 
lymphoma and whose tumor response appeared to be 
mediated by a direct antiproliferative effect. 


DISCUSSION 


A series of patients with B cell malignancy has been 
treated with MoAbs directed against an idiotypic deter- 
minant of the immunoglobulin molecule present on the 


surface of their tumor cells. A spectrum of clinical outcomes 
has been observed, ranging from complete and durable 
remission to no effect. Some of the factors that influence 
the therapeutic outcome have been previously identified and 
include the presence in the serum of idiotype protein, the 
occurrence of an immune response against the foreign 
MoAb, and the existence within the tumor population of cells 
with mutations of the idiotype.*'*'* In view of these obsta- 
cles, it is remarkable that clinically significant tumor regres- 
sions have occurred in over half of the patients who have been 
studied. In fact, the emergence of tumor cells with idiotype 
mutations during therapy with an anti-idiotype antibody 
implies that the antibody exerted a strong selective force 
against the idiotype-positive tumor cell population in these 
cases. 

In the current report we have presented a series of studies 
to elucidate the mechanism of the antitumor effect of the 
anti-idiotype antibodies. Since each patient, tumor and anti- 
body were unique and only limited amounts of pathologic 
material were available from some of the patients, exhaustive 
studies were difficult to perform. Nevertheless, we attempted 
to examine the relative roles of the antibody—-its class, 
affinity, and epitope; the tumor—its responsiveness to direct 
effects of anti-idiotype antibody and the surface density and 
modulability of its Ig molecule; and the host—the nature and 
composition of the cellular infiltrate within the tumor tissue. 

The known mechanisms of in vitro antibody mediated 
cytotoxicity include complement fixation and antibody- 
dependent cell-mediated cytotoxicity (ADCC). Both of these 
functions are highly dependent on antibody class as well as 
the availability of the effector molecules and/or cells. Kipps 
et al have recently documented the superiority of murine 
IgG2a over IgG2b and IgG1 antibodies in performing 
ADCC in vitro with human effector cells,’ and numerous 
studies in animal models have likewise suggested a superior- 
ity of IgG2a antibodies for in vivo antitumor effects.**“ 
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Fig 5. 
frozen sections of pretherapy tumor specimens from patient PE. Simultaneous biopsy of lymph node (A,B) and subcutaneous mass (C,D) 
were performed in April 1982. A bone marrow biopsy (E.F) was performed in August 1984 immediately prior to treatment with 
anti-idiotype antibody. Frozen sections of each biopsy specimen were incubated with anti-Leu 4, which binds to mature T lymphocytes, 
(A.C.E), or an antibody specific for a B lymphoid cell surface marker (B-anti-u. D-anti-B1, F-anti-u). Cells binding antibody were detected 
with an immunoperoxidase method and the specimen was counterstained with methylene blue. The large excess of host T lymphocytes to 
tumor cells is maintained over time and in various tissues involved with tumor. 


There was no clear relationship in our clinical trial between 
antibody class and outcome. Although the most dramatic 
responses occurred with antibodies of the IgG2 class (one 
lgG2a and one IgG2b), responses occurred with antibodies 
of the IgG1 class as well. In addition, we have not observed a 
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Relative numbers of infiltrating host T Lymphocytes and malignant B cells are demonstrated by immunoperoxidase staining of 


correlation between changes in serum complement levels and 
clinical outcome. The observations tend to argue against an 
important role for a direct cytotoxic effect of anti-idiotype 
antibodies, although they do not rule out such a mechanism. 

Whatever the mechanism of antibody effect, it seemed 
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Fig 5. 


likely that the avidity of interaction between antibody and 
idiotype target should be important. Two different methods 
were used in this study to estimate antibody avidity. The 
results were in close agreement, and certainly there was 
concordance in the rank order of the different antibody- 
idiotype combinations. Over the range of avidity covered by 
these particular antibodies no correlation existed with clini- 
cal outcome. Apparently the methods that were used to select 
MoAbs resulted in antibodies of sufficiently high avidity to 
produce in vivo effects. 

Although idiotypic determinants are located somewhere 
within the variable regions of the immunoglobulin heavy and 
light chains, different anti-idiotypic antibodies can recognize 
different parts of the variable region structure. For instance, 
in cases of myeloma proteins which bind known antigens, 
some anti-idiotypic antibodies inhibit antigen binding and 
some do not. If anti-idiotype antibodies exert a direct 
regulatory effect on the B cell which bears the relevant target 
molecule on its surface, the exact portion of the V region to 
which they bind may be of critical importance in signal 
transduction. Since in B cell lymphomas no antigen is known 
to bind to the cell surface idiotype, we used two alternative 
approaches to investigate the idiotypic determinants. A 
MoAb reactive with the u heavy chain was blocked from 
binding to its respective epitope by certain anti-idiotype 
antibodies. Evidently, this anti-u antibody reacted with a site 
in the C, region near the V-C junction. We could then infer 
that some of our anti-idiotype antibodies reacted with a site 
nearby. Some idiotypic determinants are created by a combi- 
nation of heavy and light chain structures, and others are 
dependent only upon one of the chains. We tested the 
antibodies which were used in the therapeutic trials for their 
ability to react with isolated chains and found that several of 


(Cont'd). 


them reacted with determinants on the heavy chains. Steric 
hindrance of an anti-u chain antibody showed no correlation 
with outcome whereas reactivity with an HL combinatorial 
determinant did show some correlation with clinica! effec- 
liveness in vivo. 

Direct effects of anti-idiotype or anti-Ig antibodies on 
normal and neoplastic B cells have been demonstrated in a 
number of in vitro systems.'*'***74°°°! These effects have 
included stimulation of proliferation, inhibition of prolifera- 
tion, and induction of receptors for BCGF and IL2. The 
differences seem to depend upon the in vitro system, the 
particular anti-Ig reagent and the state of differentiation of 
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Fig 6. Impact of T cells on response to anti-idiotype therapy. 
The percent of Leu 4 or Leu 1 positive cells, as determined by flow 
cytometry in the pretherapy biopsy of patients is plotted on the 
vertical axis and the percent response measured by lymphangio- 
gram or computerized axial tomography is plotted on the horizon- 
tal axis. The percent of T cells is the average measured in all 15 
pretherapy biopsies of the nine patients eligible for this analysis. 
The two patients with the best responses were biopsied two and 
three times prior to anti-idiotype therapy. 
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the B cell target. The antiproliferative effect of anti-Ig on 
normal B cells can be prevented by prior treatment with 
mitogens.” It was thus important to investigate the direct 
effects of the anti-idiotype antibodies which were used for 
therapy on their respective tumor target cells. We found that 
the antibody used in one patient (FS) had a profound 
inhibitory effect on in vitro tumor cell proliferation. The 
antibody used in patient BL had a slight stimulatory effect, 
and that used in patient TG had a mild inhibitory effect on 
tumor cell proliferation. Those used on the other three 
patients tested had no measurable effect in vitro. The effects 
of antibody on the cells were unchanged by concomitant 
mitogen stimulation. The anti-idiotype antibodies used for 
patients BL and TG had no in vivo effect on their tumors, 
either positive or negative. The kinetics of the tumor response 
in patient FS were consistent with a direct antiproliferative 
effect, since there was an acute reduction of tumor cells in 
the blood and bone marrow. Patient FS was different from 
the other patients in our series in that he had prolymphocytic 
leukemia, whereas the others had lymphomas. The FS tumor 
cells were larger and expressed markedly more surface Ig 
than the others. Gordon et al found EBV-transformed lym- 
phoblastoid B cells to be inhibited by anti-Ig antibodies." 
Prolymphocytic leukemia cells might be “fixed” in a normal 
differentiation state susceptible to regulation by anti- 
idiotype antibody. 

Modulation, or “capping,” of the surface antigen target by 
MoAb had important implications in systems in which 
ADCC or antiproliferative effects of antibodies were stud- 
ied.'*32 Univalent (nonmodulating) antibodies have been 
shown to be more cytolytic both in vivo and in vitro than their 
bivalent counterparts which can cross-link surface antigen 
and produce modulation.’ Capping of surface Ig is required 
for signal transduction in the antiproliferative and tolera- 
genic effects produced by anti-Ig antibody on neonatal 
murine B cells.’ Differences in the capacity for modulation 
were observed among the patients’ tumor cells in this study 
which might have influenced response to therapy. However, 
Schroff et al demonstrated the enhancement of modulation 
by Fe receptor-bearing monocytes.” The in vitro modulation 
of the individual tumors observed in this study may have 
been influenced by the presence of variable numbers of 
macrophages/monocytes in each suspension. Similarly, the 
availability of Fc receptor-bearing cells during in vivo ther- 
apy might change the tumors’ ability to modulate in the 
presence of anti-idiotype antibody. Within these limitations, 
no correlation existed between in vitro modulability and 
clinical outcome. 

In some MoAb clinical trials, the suggestion has been 
made that an immune response by the patients against the 
murine immunoglobulin was beneficial.** Theories have been 
advanced about second and third order immune responses 
involving idiotype—anti-idiotype networks, ultimately lead- 
ing to an immune attack by the host against the tumor.” In 
our trial, an immune response against the murine immuno- 
globulin was documented in several of the patients, and in 
each case a portion of the response was indeed directed 
against the idiotypic determinant of the mouse monoclonal 
antibody.’ However, no support can be found in our data for 
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a role of the anti-mouse immunoglobulin immune response in 
the antitumor effect. The two most dramatic tumor regres- 
sions occurred in patients who did not make an immune 
response. Furthermore, in those patients who did make an 
immune response, no additional tumor regression was ever 
noted after that point in time. 

Although an immune response by the host against the 
mouse MoAb seems unlikely to be therapeutic, an immune 
response against the tumor is a possible mechanism. How- 
ever, this immune response seems to exist in the host prior to 
the introduction of the MoAb.'*>*’ In our study, there was 
a good correlation betweeh clinical outcome and the number 
of T celis present in the pretherapy tumor tissue. In the two 
best responding cases the T cells actually outnumbered the 
tumor cells. Analysis of the cellular infiltrate showed the 
majority of the T cells to be of the helper/inducer (Leu 3, 
OKT4) phenotype in each case. Also present in this cell 
population were Leu 7 positive (putative NK) cells. One view 
would then be that the McAb amplified or augmented an 
ongoing cell-mediated cytotoxic response by the host against 
the tumor, tipping the balance back in favor of the host. The 
fact that the T cells were of the Leu 3 phenotype is not 
inconsistent with this hypothesis, since Leu 3 positive, T 
killer cells that are restricted in their target cell recognition 
by the class I] MHC structures are well described.” An 
alternative view is that the interaction between host T cells 
and tumor cells is a positive or trophic one. Activated T cells 
are a rich source of growth stimulatory factors for B cells. 
The fact that T cells were found associated with the tumor in 
relatively fixed proportions in various sites throughout the 
body is equally consistent with a positive as well as a negative 
interaction. In this view, the MoAb would be interrupting or 
somehow interfering with the trophic effect of the T cells on 
the growth of the tumor. Whether either of these mecha- 
nisms of anti-idiotype antibody effect are operative can only 
be the subject of speculation at the present time. Clearly, 
more observations must be made as more patients are 
treated. Also, it will be extremely important to isolate the T 
cells from the tumor specimens, to measure their effects on 
the tumor cells, and to determine whether anti-idiotype 
antibodies alter these effects. 
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Polymorphic Glycoprotein-1 on Mouse Platelets: Possible Role of Pgp-1 and 
LFA-1 in Antibody-Dependent Platelet Cytotoxicity Involving Complement 


By Peter J. McCaffery, An Seng Tan, and Michael V. Berridge 


The presence of the Pgp-1 glycoprotein on mouse platelets 
is demonstrated by antibody-binding techniques, by immu- 
noprecipitation, and by transblotting using the monoclonal 
antibody (MoAb) C71/26 against Pgp-1. C71/26 immuno- 
precipitates as a broad band of mol wt 87,000 to 100,000 
as determined by radioiodination of the platelet cell surface 
and by the °H-sodium borohydride labeling technique. 
immunoblotting showed Pgp-1 expression on platelets to 
be quantitatively similar to its presence on macrophages 
and resolved platelet Pgp-1 into two bands of mol wt 
87,000 and 97,000 whereas Pgp-1 on parasite-elicited 
peritoneal macrophages showed 82,000 and 87,000 mol wt 
species. Platelets and monocyte/macrophage cells from 
either peripheral blood or from the peritoneal cavity 
showed homogeneous binding of Pgp-1 antibody to greater 
than 97% of celis by flow cytometry. In contrast, lympho- 


LATELETS ARE the second most abundant cell type in 

circulating blood where their primary function is 
hemostasis. Another well-established function for platelets is 
immune adherence to microorganisms through complement 
receptors.’ This function appears to be restricted to certain 
species including rodents,” but may be analogous to other 
hemostatic mechanisms involving platelet adhesion. For 
example, platelets bind to exposed collagen fibers following 
damage to blood vessel walls resulting in morphologic 
changes, release of a-granules and dense bodies, and platelet 
aggregation.’ More recently, platelets have been demon- 
strated to be directly involved in antibody-dependent cell- 
mediated cytotoxicity involving complement.* Thus, mouse 
platelets are cytotoxic toward antibody-coated sheep eryth- 
rocytes in the presence of C5-deficient mouse serum. Fur- 
thermore, platelets from parasite-infected rats and from 
human subjects were able to efficiently kill Schistosoma 
mansoni larvae,** a process involving parasite-specific IgE. 
Together these findings suggest that platelets may be pri- 
mary mediators of immunologic destruction of systemati- 
cally infecting microorganisms in both rodents and man. 
Furthermore, an immunologic role for platelets in cell turn- 
over and perhaps even in tumor cell metastasis is possible. 

A search for platelet cell surface molecules which may be 
involved in cytotoxic mechanisms revealed the presence of 
the leukocyte functional molecule LFA-1 on mouse plate- 
lets.’ In addition, the presence of complement receptor type 3 
(CR3) was also demonstrated by the binding of M1/70 
monoclonal antibody (MoAb) and by inhibition of immune 
adherence. In this study we show that C71 /26 MoAb against 
Pgp-l, a cell surface glycoprotein present on bone marrow 
cells and cells of the granulocyte-macrophage lineage,* also 
binds to mouse platelets and present evidence that this 
molecule may play a role in antibody-dependent platelet 
cytotoxicity involving complement. 


MATERIALS AND METHODS 


Animals and cell preparation. DBA/2, CBA/T6T6, C57B1/6, 
and (CBAxC57B1/6)F, mice were bred at Wellington Clinical 
School of Medicine. Platelets were prepared from whole cardiac 
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cytes from peripheral blood or from the spleen showed a 
heterogeneous binding pattern with 20% to 30% of celis 
being negative, and the majority weakly pasitive. In func- 
tional studies, MoAbs against CR1 and CR3 substantially 
inhibited platelet immune adherence, whereas €71/26 
showed only marginal inhibition. in contrast, C71/26 and 
other MoAbs against Pgp-1 inhibited platelet-dependent 
cytotoxicity of antibody-coated sheep erythrocytes in the 
presence of C5-deficient mouse plasma whereas M1/70 
against CR3 showed no effect. in this assay, MoAbs against 
the a- and §-subunits of leukocyte functional molecule 
LFA-1 also inhibited platelet cytotoxicity. These results 
show that the platelet cell surface moieties Pgp-1 and 
LFA-1 are involved in or closely associated with antibody- 
dependent cellular cytotoxicity by platelets. 

® 1987 by Grune & Stratton, Inc. 


blood of CBA or F, mice, using heparin (25 U/mL) or trisodium 
citrate as an anticoagulant. Blood was centrifuged at 200 x g for ten 
minutes and platelet-rich plasma (PRP) aspirated with gentle 
stirring to increase the yield of platelets. Platelets were recovered by 
centrifuging PRP at 1,000 x g for five minutes and were washed in 
citrate-phosphate buffer pH 6.0 prior to use in fluorescent and solid 
phase assays and in immunoprecipitation. Platelet-poor plasma 
(PPP or plasma) was obtained either from whole blood centrifuged 
at 1,000 x g for ten minutes or as the supernatant from the 
purification of platelets from PRP. For cytotoxicity experiments 
platelets were resuspended in plasma from DBA mice. 

Spleen, thymus, testis, bone marrow, and peripheral blood mono- 
nuclear cells isolated from the interface of Isopaque-Ficoll 
(po = 1.09) were prepared as washed single cell suspensions in 
phosphate buffered saline (PBS). Macrophages were prepared from 
peritoneal cells of CBA or F, mice chronically infected with 20 
Mesocestoides corti larvae by repeated | x g sedimentation until the 
cell preparation contained greater than 90% macrophages. Liver, 
kidney, brain, and skeletal muscle were prepared by expressing 
tissue through a sieve and washing extensively with PBS. 

MoAbs and antisera. C71/26.3.6 against Pgp-1, 121/7.7 
against LFA-la, C71/16.2 against LFA-18, and 141/14.] against 
T200 were obtained from Dr I. Trowbridge (Salk Institute, La Jolla, 
Calif); M17/5.1.9 and M17/4.4 against LFA-la and M1/70 
against Mac-1 (CR3) were obtained from Dr T. Springer (Dana- 
Farber Cancer Institute, Boston}; Dako-C3bR against human CRI 
was obtained from Dakopatts, Copenhagen, Denmark}; 2.4G2 
against FcRII from Dr J. Unkeless (Rockefeller University, New 
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York); EDU-3 against platelet 11b/Ha was from Dr R. Vilella 
(Hospital Clinico y Provincial, Barcelona, Spain); and 1G3 was 
derived in this laboratory by fusion of Sp2/0 plasmacytoma cells 
with spleen cells from a rat inoculated with mouse platelets. All 
MoAbs were rat IgG except C71/26.3.6, which was rat IgM, and 
Dako C3bR and EDU-3, which were mouse IgG. The MoAbs used, 
the proteins recognized, and source references are listed in Table 
p eit 

Antithymocyte serum (ATS) and antimacrophage serum (AMS) 
were prepared in New Zealand white rabbits as described previous- 
ly’ and absorbed with an equal volume of erythrocytes. 

Solid phase ELISA assay. Platelet suspensions (0.1 mL, 10’ per 
mL) were distributed in flat-bottomed microtiter wells (Nunclon, 
Roskilde, Denmark) and centrifuged at 1,000 x g for five minutes. 
Glutaraldehyde (50 uL, 0.25% in PBS) was added to each well 
without having removed the supernatant, and the plates centrifuged 
briefly at 150 x g for five minutes. Fixation was continued at 20 eC 
for 10 to 15 minutes. The fixative was then removed, and the cells 
were washed with PBS, then with PBS containing 0.05% Tween-20 
(Sigma Chemical Co, St Louis) and stored frozen in this buffer. 
Duplicate wells were treated with the antibody to be tested (25 uL) 
followed by peroxidase-conjugated IgG sheep anti-rat IgG (Amer- 
sham, Sydney) diluted to 1:800. Peroxidase substrate (0.1% o- 
phenylaminediamine, 0.012% H,O, in 0.025 mol/L citrate-phos- 
phate buffer, pH 4.7) was added, and the reaction terminated after 
ten minutes by adding an equal volume of 4N H,SO,. Microtiter 
plates were read in an automated microplate reader (Dynatech, 
Singapore) at 490 nm using a reference wavelength of 410 nm. 

Cell surface labeling and immunoprecipitation. Purified plate- 
lets (2 to 3 x 10°) in PBS were labeled either with '7'I-sodium iodide 
(Amersham, Sydney) by the glucose oxidase modification’ of the 
lactoperoxidase technique'® or with 7H by mild oxidation of sialic 
acid residues followed by reduction with *H-sodium borohydride.’ 
The radiolabeled cells were solubilized with 1% NP-40 in 50 
mmol/L Tris-HCI buffer pH 7.2 containing 10 mmol/L phenyl- 
methylsulfonyl fluoride and 0.3 U/mL aprotinin (Sigma). Following 
two preabsorptions with 0.2 vol of 10% v/v Staphylococcus aureus 
Cowan strain | (SaC1), the cell lysates were treated with either 
antiserum or MoAb followed by rabbit anti-rat IgG ( Miles-Yeda, 
Rehovot, Israel) second antibody. The resulting immune complexes 
were immunoprecipitated with SaC1, washed, and boiled for six 
minutes in SDS sample buffer (0.1 mol/L Tris-HCI, 2% SDS) 


Table 1. Antibodies Used in This Study 


Mo! Wt of 
Antibody Specificity * Reduced Protein Source Reference 
C7 1/26 Pgp-1 87 ,O00- 100,000 8 
142/5 Pgp-1 87,000- 100,000 8 
IM7 Pgp-1 87,000- 100,000 8 
121/7 LFA- 1a 170,000 9 
M17/5 LFA- 1a 170,000 10 
M17/4 LFA-1a 170,000 10 
C71/16 LFA-13 95,000 9 
M1/70 CR3(Mac- 1) 160,000 1 
Dako-C3bR CR1 210,000 12 
141/14 T200 200,000 Personal 
Communication 
EDU-3 lib/illa 100,000- 112,000 13 
2.4G2 FcR 47,000-60,000 14 


ISASTE teen 

*1 Pgp-1, polymorphic glycoprotein-1; LFA-1, leukocyte function 
antigen-1; a, alpha subunit; 8, beta subunit, CR3, complement receptor 
type 3; CR1, complement receptor type 1; T200, leukocyte common 
molecule: ilb/illa, platelet glycoprotein expressing fibrinogen receptor; 
FeoRI, Fe receptor for IgG type H. 
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containing 5% mercaptoethanol. SaC! was removed by centrifuga- 
tion and the supernatants electrophoresed on 6% to 12.5% gradient 
SDS-polyacrylamide gels after the method of Laemmili.'* Autora- 
diography was performed using Kodak XPR-1 X-ray film (Eastman 
Kodak, Rochester, NY) and calcium tungstate intensifying 
screens. ? For immunoprecipitation with *H-labeled material, the 
polyacrylamide gels were treated with 20% 2,5-diphenyloxazole in 
acetic acid” and were exposed against preflashed films.” 
immunoblotting. Cells or washed tissue (30 uL packed volume) 
that had been expressed through a fine sieve were solubilized in | mL 
NP-40 solubilization buffer (see above) and 60 uL samples electro- 
phoresed on 5% to 15% gradient SDS-polyacrylamide gels as 
described above. The gels were transblotted onto nitrocellulose 
sheets (Schleicher and Schuell, Kean, NH) for 20 hours at 15 y 
(initial current of 700 mA) using the method of Towbin et al” 
Remaining protein binding sites on the membrane were blocked with 
5% BSA at 20°C for two hours prior to incubation with MoAb 
diluted 1:400 in Tris-buffered saline pH 7.5 containing 0.2% gelatin 
at 20°C for 18 hours with shaking. The membrane was washed in 
buffer, then incubated with peroxidase-conjugated sheep anti-rat 
IgG (Amersham) for 4 hours at 20 °C. Color development was with 
4-chloro-I-naphthol (60 mg/100 mL) in Tris-buffered saline. 

Flow cytometry. Antibody binding to CBA mouse cells was 
determined using a fluorescence-activated cell sorter (FACS 420, 
Becton Dickinson, Sunnyvale, CA). Cell suspensions were treated 
with hybridoma supernatant, washed twice with PBS, then stained 
with affinity-purified IgG mouse anti-rat IgG coupled to fluorescein. 
Stained cells were analyzed directly or fixed with 10% paraformal- 
dehyde in PBS and stored at 4 °C prior to analysis.” Cell populations 
such as lymphocytes and monocyte/ macrophage cells were electron- 
ically “gated” following positive identification in low angle v 90° 
scatter graphs and fluorescence intensity profiles measured on these 
cell populations using logarithmic amplification. 

Immune adherence assay. Immune adherence was determined 
using platelet-dependent agglutination of antibody-coated sheep 
erythrocytes (EA) in the presence of mouse complement. This assay 
has been described previously’ and erythrocyte agglutination shown 
to be dependent on platelets, complement, and antibody-coated 
indicator cells and to be inhibited by EDTA and heparin. Platelet- 
rich plasma was prepared from cardiac blood of F, mice collected 
into siliconized tubes containing trisodium citrate as an anticoagu- 
lant. After centrifugation at 200 x g for ten minutes, platelet-rich 
plasma was removed with gentle stirring to increase platelet yield, 
and the remaining suspension centrifuged at 1,200 x g for five 
minutes to produce PPP. PRP was diluted 1:4 in PBS prior to use 
(platelet concentration 3 x {0°/mL). Platelets were mixed with 
PBS, or antibody (25 uL final volume) for 30 minutes prior to 
addition of EA (25 uL, 1% v/v). EA were prepared by coating sheep 
erythrocytes (2% v/v) with subagglutinating concentrations of rab- 
bit hemolysin (Wellcome Reagents, Beckenham, England) (1:1,600 
dilution in PBS). Microtiter plates were agitated gently at 20-minute 
intervals and agglutination assessed at 60 to 90 minutes. Under these 
conditions, and using diluted platelet-rich plasma (1:4), no hemoly- 
sis of EA was observed over the period of assay. 

Platelet aggregation. Cardiac blood was used to prepare PRP 
and PPP as described above. Aggregation studies were performed at 
37 °C under continuous stirring in a Corning (Corning, NY) EEL- 
169 platelet aggregometer. PRP (400 uL) was mixed with antiserum 
or hybridoma supernatant (50 uL) and aggregation initiated by 
addition of 50 uL of 10 mmol/L ADP in saline. 100% transmission 
was determined with PPP. 

Platelet cytotoxicity. Sheep erythrocytes from defibrinated 
blood were washed in Alsever’s solution and stored at 4 °C. Erythro- 
cytes were labeled with *'Chromium,* washed three times with PBS, 
and coated with subagglutinating concentrations of rabbit hemolysin 
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(1/400 to 1/800) (Wellcome) prior to use. CBA or F, platelets were 
purified from PRP and suspended in a 1:4 dilution of plasma from 
DBA mice (2 to 6 x 10° platelets/mL). Aliquots of this platelet 
suspension were incubated with control NS1 supernatant or hybrid- 
oma supernatant (25 uL) at 20 °C for 30 minutes prior to addition of 
*'Cr-labeled antibody-coated sheep erythrocytes (0.25% v/v, 50 uL). 
Incubation was continued at 37°C for three hours with gentle 
agitation at 15-minute intervals. Radioactivity released was deter- 
mined in a y-counter following centrifugation at 1,000 x g for five 
minutes to remove unlysed cells. Specific lysis was determined 
relative to controls lacking platelets or using heat inactivated plasma 
from DBA mice and complete release of radioactivity with plasma 
from CBA or F, mice. 


RESULTS 


Identification and characterization of Pgp-1 on plate- 
lets. The presence of Pgp-1 on mouse platelets is shown in 
Fig | where the titration curve of C71 /26 MoAb is compared 
with that of several other MoAbs against platelet-cell- 
surface glycoproteins, some of which are known to be asso- 
ciated with cell-mediated cytotoxic reactions (Table 1). 
Similar results have also been obtained by radioimmunoas- 
say and by indirect immunofluorescence (results not shown). 
Immunoprecipitation of mouse platelets radiolabeled with 
'*5]-iodide (Fig 2) or *H-sodium borohydride (Fig 3) with 
C71/26 MoAb against Pgp-! resulted in a broad band of 
radioactivity of mol wt 87,000 to 100,000. This band 
appeared to be different from the 8-subunit of LFA-1 which 
immunoprecipitated a sharper band at mol wt 97,000. 
Immunoclearance experiments and peptide mapping showed 
these two glycoproteins to be quite distinct. Antiserum 
against mouse peritoneal macrophages immunoprecipitated 
LFA-1 from *H-labeled mouse platelets and a broad band of 
radioactivity which appeared to include Pgp-1. In contrast, 
antiserum against mouse thymocytes immunoprecipitated 






12 
= 1-0 
E 
° 
= 
-> 08 
E 
S 
= 
% 06 
z Ms 
4 A. tibAtia 
i o4 
0-2 Pgp- 
2 4 6 8 0 12 4 16 
Log, Dilution 
Fig 1. Binding of MoAbs against Pgp-1 and other functionally 


associated cell surface molecules to mouse platelets. Hybridoma 
supernatants C71/26 (Pgp-1), @—@; C71/16 (LFA-18), 7—v; 
141/14 (T200), A— A; 121/7 (LFA-1a), A—; and M1/70 (CR3), 
v—-Y; and EDU-3 ascites against platelet glycoprotein Ilb/Iila, 
O-——© were titrated against platelets using solid phase ELISA. 
Absorbance measurements (A490-410) were subtracted from 
controls using NS1 plasmacytoma culture supernatant. 
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Fig 2. Immunoprecipitation of Pgp-1 from mouse platelets. 
Platelets surface-labeled with '**! were lysed with detergent and 
immunoprecipitated with C71/26 (lane 2) or 121/7 (lane 3). 
Immunoprecipitates were analyzed by SDS-polyacrylamide gel 
electrophoresis under reducing conditions and the gels autoradio- 
graphed. For comparison, ‘I-labeled proteins from the whole 
platelet lysate are shown in lane 1. The two most prominent bands 
are glycoproteins llb and llla. 


LFA-1, but not Pgp-1 from *H-labeled platelets. A nonspe- 
cific band at mol wt 150,000 was also observed in immuno- 
precipitates from *H-labeled platelets. Immunoblotting 
allowed direct comparison of Pgp-1 molecules on platelets, 
macrophages, and spleen cells (Fig 4). Platelets showed two 
Pgp-1 bands at mol wt 87,000 and 97,000 whereas peritoneal 
macrophages showed the 87,000 mol wt band and a promi- 
nent additional band at mol wt 82,000. A faint Pgp-| band 
was also observed on spleen cells at mol wt 89,000. Pgp-1 was 
not observed on thymocytes or on a mast cell precursor line 
(P-cell), or on the nonhematopoietic tissues tested, which 
included liver, kidney, brain, and testis. In other immuno- 
blotting experiments, neutrophils and bone marrow cells 
showed a strong Pgp-1 band whereas erythrocytes, erythroid 
precursor cells from the spleen of phenylhydrazine-treated 
mice, eosinophils from M corti-infected mice, and skeletal 
muscle tissue were negative. 

The relative abundance of Pgp-! on peripheral blood 
monocytes is demonstrated in Fig 5. More than 97% of 
peripheral blood monocytes and peritoneal macrophages 
expressed Pgp-1, the mean relative fluorescence (MRF) 
being 7.0 and 7.5, respectively. In contrast, lymphocytes 
from peripheral blood and from spleen showed heteroge- 
neous fluorescence intensity profiles, with 20% to 30% of 
cells fluorescence negative and 5% to 10% strongly fluores- 
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Fig 3. Glycosylation of platelet Pgp-1. Platelets surface- 


labeled with *H-sodium borohydride were lysed with detergent 
and immunoprecipitated with 1, control rabbit serum; 2, M1/70; 3, 
C71 /26; 4, 121/7; 5, antithymocyte serum; and 6, antimacrophage 
serum. Immunoprecipitates were analyzed by SDS-polyacrylamide 
gel electrophoresis under reducing conditions and the gel autora- 
diographed. Lane 7 shows *H-labeled proteins in the whole platelet 
lysate. 


cence positive (MRF = 6.5 to 7.0). The majority of lympho- 
cytes were weakly positive (MRF = 2.5 to 5.0). Lympho- 
cytes from the peritoneal cavity showed more homogeneous 
expression of Pgp-1, with 96% fluorescence positive with an 
intermediate MRF of 5.5, Platelets were also shown to be 
fluorescence positive for Pgp-1 by flow cytometry, the right 
shift of the fluorescent intensity profile with associated peak 
symmetry indicating that all platelets expressed Pgp-1. 
Functional associations of Pgp-l on mouse plate- 
lets. The presence of Pgp-1 on mouse platelets, monocytes, 
macrophages, and neutrophils and on subpopulations of 
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Fig 5. Comparison of binding of C71/26 MoAb against Pgp-1 


to lymphocytes, monocytes, and platelets. Pgp-1 on gated cell 
populations in peripheral blood leukocytes and peritoneal cells and 
on spleen celis and platelets was determined by flow cytometry. 
Control cells were treated with NS1 plasmacytoma supernatant. A 
reference bar is included in each fluorescence intensity profile for 
comparative purposes. 


lymphocytes suggests a role in some common function. 
Initial investigations of the effect of the MoAb C71/26 
against Pgp-! on platelet aggregation induced by adenosine 
diphosphate (ADP) showed no significant effect. Rodent 
platelets however are known to be involved in immune 
adherence,’ a function which is also shared with phagocytic 
cells and lymphocytes. Thus, MoAbs against Pgp-1, CR3, 
CR1, FeRII, T200, and LFA-1 were tested for their ability 
to inhibit platelet adherence to antibody-coated sheep eryth- 
rocytes in the presence of complement. Figure 6 shows that 
M1/70 against CR3 extensively inhibited platelet immune 
adherence whereas Dako-C3bR against human CR 1 inhib- 
ited toa titer of 1:8. At the highest concentration of antibody 
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Fig 4. Immunoblotting of cell proteins 
with C71/26 MoAb against Pgp-1. Cells or 
washed tissue (0.5 uL packed volume equiv- 
alent) were solubilized in NP-40 buffer, 
electrophoresed on SDS-polyacrylamide 
gels, and transblotted onto nitrocellulose. 
Pgp-1 was detected with C71/26 MoAb, 
peroxidase-conjugated second antibody, 
and 4-chloro-1-naphthol. 
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Fig 6. Effect of MoAbs against Pgp-1 and 
other functionally-associated cell-surface mol- 
ecules on platelet immune adherence. Platelet- 
rich plasma was diluted and incubated with 
antibody prior to the addition of opsonized 
erythrocytes. Inhibition of red cell agglutina- 
tion is seen as a greatly reduced ability to form 
red cell buttons. 
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Table 2. Effects of MoAbs Against Pgp-1 and LFA-1 on Platelet Cytotoxicity 


Antibody 
Control (NS1) 


Pgp-1 (C71/26) 
CR3 (M1/70) 
CR1 (Dako-C3bR) 


FcR II (2-4G2) 
T200 (141/14) 


LFA-1<(M17/4) 
LFA-1A (C71/16) 
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% Inhibrtion 





Antibody *'Cr Release % Specific 

Plasma Platelets Specificity (cpr + SE) Lysis Specific Lysis 
Experiment 1 
— — — 102 + 2 -— 
F; — — 760 + 10 100 
DBA -— — 124 +4 = 
DBA F; NS1 214+ 14 14 ~- 
DBA F, C71/26 Pgp-1 130 + 20 1 93 
DBA F, 121/7 LFA-lex 157 + 12 5 63 
DBA F, C71/16 LFA-18 135 +5 1 90 
Experiment 2 
— — — 262 + 39 — 
F, — — 1,996 + 74 100 
DBA — — 300 + 2 — 
DBA F; NS1 732 + 26 25 — 
DBA F, C71/26 Pgp-1 538 + 13 14 44 
DBA F, 142/5 Pgp-1 407 + 48 6 75 
DBA F, IM7 Pgp-1 558 + 69 15 40 
DBA F, 121/7 LFA- 1a 626 + 38 19 25 
DBA F, C71/16 LFA-18 373 + 14 4 83 
Experiment 3 
CBA — — 1,444 + 41 100 
DBA — — 316 + 26 — 
DBA CBA NS1 664-8 32 - 
DBA CBA C7 1/26 Pgp-1 312 + 10 o 101 
DBA CBA M 1/70 CR3 686 + 46 34 6 
DBA CBA 121/7 LFA-lea 306 + 10 -1 103 
DBA CBA M17/5 LFA-la 640 + 40 30 7 
DBA CBA M17/4LFA-la 592 +8 25 21 
DBA CBA C71/16 LFA-18 432 + 16 11 67 
Experiment 4 
CBA — — 1,131 + 68 100 
DBA — — 268 +- 6 — 
DBA CBA NS1 1.080 + 22 94 — 
DBA CBA C71/26 1:4 Pgp-1 638 + 52 43 61 
DBA CBA 1:8 Pgp-1 804 + 74 62 40 
DBA CBA 1:16 Pgp-1 996 + 22 84 17 
Experiment 5 
CBA — — 1.764 + 8 100 
DBA(56 °C, 30 min) CBA — 354 + 40 — 
DBA CBA NS1 728 + 22 26 — 
DBA CBA 142/5 Pap-1 377 + 15 2 92 
DBA CBA 9F6 H2 Class 1 785 + 18 31 19 
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used, C71/26 against Pgp-1 inhibited aggregation. The 
possibility that this inhibition of immune adherence may 
have been caused by antibody-dependent agglutination of 
platelets was examined by phase contrast microscopy. The 
only antibody which caused significant platelet agglutination 
was C71/26, and this effect was only evident with undiluted 
hybridoma supernatant. 

Another function held in common between most cells 
expressing Pgp-1 is antibody-dependent cell-mediated cyto- 
toxicity involving complement. To test the involvement of 
Pgp-1, LFA-1, and CR3 in platelet cytotoxicity, a *!Cr- 
release assay similar to that described by Soper and Winn‘ 
was used. The characteristics of this assay and the effect of 
MoAbs against Pgp-1, LFA-1, and CR3 on complement- 
dependent platelet cytotoxicity are shown in Table 2. In five 
experiments platelet-dependent lysis of *'Cr-labeled sheep 
erythrocytes varied between 14% and 94%. Specific lysis was 
determined relative to background release in the absence of 
platelets using C5-deficient plasma from DBA mice (Experi- 
ments | through 4) or in the presence of platelets using heat 
inactivated plasma from DBA mice (Experiment 5) and 
complete *'Cr-release with plasma from CBA or F, mice. 
Under conditions where platelet agglutination was not 
observed, C71/26 against Pgp-1 inhibited lysis of antibody- 
coated erythrocytes by 44% to 100%. With either F, or CBA 
platelets, inhibition was greater under conditions which 
favored less complete target cell lysis. Other MoAbs against 
Pgp-1, 142/5, and IM7 also inhibited platelet cytotoxicity 
(Table 2, Experiments 2 and 5). In addition, 121/7 against 
LFA-la and C71/16 against LFA-19 reproducibly inhibited 
platelet cytotoxicity, although two other MoAbs against 
different epitopes of LFA-la, that is, M17/5 and M17/4, 
showed little or no effect. Similarly, M1/70 against CR3 did 
not significantly affect platelet cytotoxicity. The possibility 
that platelet-bound antibodies activated and depleted 
complement components indirectly causing inhibition of 
platelet cytotoxicity is ruled out by the observation that 
complement-fixing MoAbs such as M17/5 (Experiment 3) 
and 9F6 (Experiment 5), which bound strongly to plate- 
lets,’?4 did not inhibit platelet cytotoxicity. 


DISCUSSION 


The polymorphic cell surface glycoprotein Pgp-1 was first 
described by Hughes and August? as a major antigenic 
component of mouse embryo 3T3 fibroblasts, but later was 
shown to be a constituent of myeloid and lymphoid cell 
membranes. We show here that Pgp-1 is also repre- 
sented on purified mouse platelets and present evidence of a 
role for Pgp-1 in antibody-dependent cellular cytotoxicity 
mediated by platelets. In an enzyme-linked immunosorbent 
assay (ELISA), MoAbs against Pgp-! and human glycopro- 
tein Ib/HIa showed high binding to mouse platelets relative 
to other MoAbs tested. Both the a- and 8-subunits of LFA-! 
and T200 were also present. These results confirm previous 
results which showed that EDU-3 cross-reacted with a small 
fraction of mouse platelets, and that LFA-1' and certain 
epitopes of the T200 family of cell surface glycoproteins” 
were also expressed on mouse platelets. Both immunoprecipi- 
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tation and immunoblotting procedures indicated heterogene- 
ity of the Pgp-1 molecule on platelets, immunoblotting 
resolving discrete molecular forms on both platelets and 
macrophages. A minor platelet protein of mol wt 180,000 
detected by C71/26 MoAb by immunoblotting has not been 
identified, but may represent a precursor form of Pgp-l, 
possibly of cytoplasmic origin as it was not detected by 
surface-labeling procedures. The Pgp- glycoprotein on 
platelets did not correspond with any of the major surface- 
labeled glycoproteins (Figs 2 and 3) although possible iden- 
tity with platelet glycoprotein IV* is suggested by similar 
mol wts and by lack of mol wt shift following complete 
reductior (results not shown). 

The distribution of Pgp-! on mouse splenic lymphocytes 
(Fig 5) shows close similarity to previously published 
results” in which the majority of cells exhibited low relative 
fluorescence. However, we have detected a minor population 
(5% to 10%) of more brightly fluorescent lymphocytes in 
both splenic and peripheral blood. These results were sup- 
ported by the immunoblotting studies which showed low 
levels of Pgp-1 on spleen cells relative to macrophages and 
platelets (Fig 4). Flow cytometry also indicated low relative 
fluorescence per platelet, a result which reflects the small 
surface area of the platelet compared to lymphocytes and 
macrophages. 

Despite the isolation and biochemical and genetic charac- 
terization of Pgp-1,°°**?? its function has remained elu- 
sive. The description of Pgp-! on platelets provided a system 
in which to test several functional associations. Initial experi- 
ments indicated no effect of antibodies against Pgp-! on 
platelet aggregation and a marginally significant inhibition 
of immune adherence of platelets to antibody-coated sheep 
erythrocytes in the presence of complement (Fig 6), an effect 
that correlated with antibody-induced platelet agglutination. 
That immune adherence is mediated through complement 
receptors is suggested by the fact that MoAbs against both 
CR3 (Mac-1) and human CRI inhibited platelet-erythro- 
cyte aggiutination under conditions where no platelet agglu- 
tination was observed. Using C5-deficient plasma from DBA 
mice, platelets were shown to lyse antibody-coated sheep 
erythrocytes. Specific lysis varied between 14% to 94% and 
was determined relative to controls lacking platelets and to 
complete release via the complement cascade using plasma 
from F, or CBA mice. The reason specific lysis varied in 
different experiments is not fully understood, but possibly 
relates to the state of platelet activation in individual experi- 
ments, to the quality of the target erythrocytes, to the mouse 
strain used to prepare platelets, and to the nature and 
frequency of shaking which has been shown to influence 
platelet cytotoxicity.* The experiments described in Table 2 
have used purified CBA or (CBAxCS7B1/6)F, platelets in 
the presence of C5-deficient plasma from DBA mice to effect 
cytotoxicity of antibody-coated erythrocytes. Platelets were 
washed prior to use so that plasma carryover was at least two 
orders of magnitude lower than that required to effect 
cytotoxicity by the complement cascade. Furthermore the 
presence of plasma from DBA mice is necessary to cause 
platelet-dependent cytotoxicity, omission of plasma or heat- 


POLYMORPHIC GLYCOPROTEIN-1 ON PLATELETS 


treatment of the plasma negates the killing effect. In some 
experiments we have observed cytotoxicity with PRP from 
DBA mice, but in general cytotoxicity is lower and the effect 
more variable than with CBA or F, platelets. Inhibition of 
platelet cytotoxicity with C71/26 MoAb against Pgp-1 was 
highly significant within each experiment, more extensive at 
low specific lysis with a particular mouse strain, and titrata- 
ble (Table 2). Furthermore, the possibility that the inhibition 
of platelet cytotoxicity seen with C71/26 MoAb was caused 
by platelet agglutination by virtue of its IgM isotype was 
ruled out both visually and by using other Pgp-1 MoAbs of 
IgG2a and IgG2b isotypes (Table 2).* No significant effect 
of M1/70 MoAb against CR3 was observed. In contrast, 
MoAbs against LFA-1 produced variable inhibition of plate- 
let cytotoxicity, 121/7 against the a-subunit and C71/16 
against the -subunit inhibiting specific lysis by 25% to 
103%, M17/4 inhibiting by 21%, and M17/5 showing no 
inhibition. Thus, certain epitopes on both Pgp-1 and LFA-1 
on platelets appear to be involved in or closely associated 
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with the cytolytic process. The variability of inhibition of 
cytotoxicity observed with MoAbs against LFA-1 has been 
observed previously with CTL-mediated killing in both 
human** and mouse’? studies. Inhibition of cytolysis 
appeared to be dependent on the target cell used” and no 
correlation of the effect of LFA-1 monoclonal antibodies on 
platelet cytotoxicity and CTL-mediated killing were evident. 
It will be of interest to determine the effect of MoAbs against 
Pgp-1 on other antibody-dependent cytotoxic events—for 
example, those involving macrophages and neutrophils, 
which have both been shown to express Pgp-!. Furthermore, 
it would also be of interest to investigate functionally human 
cells, which may also express Pgp-1.* In this context, human 
platelets have recently been shown to exert cytotoxic effects 
on tumor cells.*° 
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Cloning and Characterization of Platelet Factor 4 cDNA Derived From 
a Human Erythroleukemic Cell Line 


By Mortimer Poncz, Saul Surrey, Paul LaRocco, Mitchell J. Weiss, Eric F. Rappaport, 
Theresa M. Conway, and Elias Schwartz 


We report the isolation of a platelet factor 4 (PF4) cDNA 
clone from a Agtl1 expression cDNA library which was 
derived from a human erythroleukemic (HEL) cell line. The 
sequence of the DNA insert includes the 3’-untranslated 
region, the entire amino acid coding region for the mature 
PF4 protein, and a 5’ region containing coding information 
for an additional 18 amino acids. In addition, supplemental 
genomic DNA sequencing shows that the full-length leader 
sequence is 30 amino acids long plus an initial methionine 
and codes for a hydrophobic signal-like sequence which is 
probably involved in transmembrane transport. A single 
species mRNA of approximately 800 nucleotides was 
detected on blots of HEL cell poly(A) + RNA using a labeled 
PF4 cDNA probe. The human PF4 leader sequence shares 


LATELET FACTOR 4 (PF4) is made in megakaryo- 

cytes and packaged into æ granules for release during 
platelet activation. * PF4 strongly binds to heparin and 
related glycosaminoglycans.°* A major physiologic role of 
PF4 may be the neutralization of heparin-like molecules in 
the serum and on endothelial cell surfaces, thereby decreas- 
ing antithrombin I activity and allowing coagulation to 
proceed.’ PF4 also binds to platelet membranes, activating 
coagulation at low agonist concentrations®; acts as a chemo- 
tactic factor for neutrophils, monocytes, and fibroblasts”: 
stimulates the release of histamines by basophils”; and 
substitutes for fibronectin in the adherence and spreading of 
cells on surfaces in vitro.” 

Human PF4 contains 70 amino acids and has four cysteine 
residues; these participate in the formation of intramolecular 
disulfide bonds.’*'® A larger precursor protein for PF4 in 
rabbits was suggested from analysis of pulse-labeled proteins 
from rabbit megakaryocytes; however, pulse-chase experi- 
ments were not consistent with a precursor-product relation- 
ship between the larger protein and PF4.‘ 

Bovine PF4 is the only PF4 other than human for which an 
amino acid sequence has been determined.” The bovine 
protein is 88 amino acids long, with 70% homology to human 
PF4 in the region of overlap. The most striking difference 
between the two is the presence of an additional 15 amino 
acids at the N-terminus of bovine PF4. 

PF4 is a member of a family of small proteins that are 
released from cells after stimulation and act as secondary 
signals in the related processes of coagulation, inflammation, 
and tissue repair. PF4 shares amino acid sequence homology 
with 8-thrombogiobulin (STG) and yIP-10.'° BTG is also a 
megakaryocyte/platelet-specific protein which is stored in a 
granules. A comparison of human 8TG and PF4" shows 
correspondence at 42 of the 81 amino acid residues, with 
amino acid differences at another 11 residues that can be 
attributed to singie-base replacements at the DNA level. The 
four cysteine residues occupy the same relative position in 
the two molecules. yIP-10 is synthesized and released from 
several cell lines following -y-interferon stimulation. Over a 
62 amino acid region, yIP-10 and PF4 have 22 identical 
amino acids and 26 amino acids that can be accounted for by 
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some DNA, but no amino acid, homology with the 15 amine 
acids at the N-terminus of mature bovine PF4, suggesting 
rapid divergence in this region of PF4 between these two 
species. Sequence comparison of the coding regions of 
mature PF4 and ‘yIP-10, a protein induced in a variety of 
cells following treatment with 7y-interferon, shows a cor- 
rected divergence of 76%. The divergence of a common 
ancestor protein into PF4 and yiP-10 may have accompa- 
nied the development of sophisticated immune and coagu- 
lation systems in vertebrates. The availability of cCONA and 
genomic DNA information for these genes in other species 
will be useful in studying the evolution of the coagulation 
and immune systems. 

© 1987 by Grune & Stratton, inc. 


single-base replacements at the DNA level. In addition, 
hydrophobic profiles and placement of cysteine residues are 
similar, suggesting evolution from a common precursor. 

The study of the evolutionary relationships and functional 
roles of these small proteins would be enhanced by isolation 
of the genes for PF4 and 8TG. The ability to isolate and 
study genes which are expressed only in megakaryocytes and 
platelets was hampered until recently by the difficulty of 
isolating sufficient mRNA to establish a cDNA library. The 
discovery that a human erythroleukemic (HEL) cell line 
expresses a number of megakaryocyte-like proteins as deter- 
mined by electron microscopy and immunologic detection” 
prompted us to establish a cDNA expression library using 
mRNA from these cells. We now describe the isolation and 
characterization of a human PF4 cDNA clone from this 
library and present evidence for the existence of a PF4 
precursor protein in humans. We also present new observa- 
tions on sequence homology at the DNA and amino acid 
levels between human PF4, bovine PF4, and yIP-10. 


MATERIALS AND METHODS 


Cell line and preparation of a cDNA expression library. The 
HEL cell line was kindly provided by P. Martin, Seattle.” It was 
grown and induced with 1.25% (v/v) dimethylsulfoxide, and total 
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RNA was prepared using guanidinium thiocyanate (Fluka, Ronkon- 
koma, NY) and banding onto a cushion of cesium chloride.” Total 
RNA was precipitated with ethanol at —70 °C, and poly(A)” RNA 
isolated by passage through an oligo-dT cellulose column (Collabo- 
rative Research, Inc, Bedford, MA). A cDNA library was con- 
structed in Agt,,, as described,” except that double-stranded cDNAs 
were fractionated by size twice on Sepharose CL4B prior to cloning 
to enrich for molecules greater than 300 bp in length. The HEL cell 
library contained 1.5 x 10° recombinants, with an average insert size 
of 1.7 + 0.8 kb. 

Library screening. The library was screened with a commercial 
human PF4 antibody prepared in goats (Atlantic Antibodies, Scar- 
borough, ME).™ Positive plaques were detected, isolated, and puri- 
fied using a biotinylated rabbit anti-goat antibody, which was then 
coupled to an avidin-biotin-horseradish peroxidase complex (Vector 
Laboratories, Inc, Burlingame, CA), with detection of complexes 
facilitated by localization of bound peroxidase using the chromogen 
4-chloro-1-naphthol. 

Characterization of positive plaques. Phage DNA was purified 
from positive plaques, digested with EcoRI (Bethesda Research 
Laboratories, Gaithersburg, MD, (BRL)), and the insert isolated by 
electroelution (International Biotechnologies, Inc, New Haven, CT) 
following size fractionation on agarose gels. The insert was mixed 
with 200 ng of EcoRI-digested RF M13mp19 phage, precipitated in 
ethanol, pelleted, ligated, and transfected into E. coli JM107.” 
Double-stranded DNA was purified from clear plaques and charac- 
terized on gels following EcoRI digestion. Single-stranded DNA was 
also prepared, and phage with inserts in opposite orientation was 
identified following gel analysis of Sl-nuclease-resistant heterodu- 
plexes. We determined the DNA sequence of single-stranded DNA 
from phage harboring the insert in the two different orientations by 
the dideoxy sequencing technique using the universal M13 primer 
(BRL) 7 

Isolation of additional human cDNA and genomic PF4 clones. 
Double-stranded PF4 insert was labeled with a-’P-dCTP (Amer- 
sham, Arlington Heights, IL) using £. coli DNA polymerase (BRL) 
and calf thymus DNA primers.” This probe was used to rescreen the 
HEL cell cDNA library as well as a human genomic DNA library 
which was constructed by partial Sau3A digestion of genomic DNA 
followed by cloning into EMBL 3A as previously described.” > 
Positive clones were plaque purified, and appropriate inserts sub- 
cloned into M13 bacteriophage as described above. 

Characterization of PF4 mRNA from HEL celis. “P-labeled 
PF4 cDNA probe was also hybridized to Nytran (Schleicher and 
Schuell, Keene,NH) blots of agarose gel-fractionated, formalde- 
hyde-denatured HEL cell poly(A)+RNA.* RNA size was deter- 
mined relative to °*P-labeled DNA markers made by end-labeling 
Hae III digests of ¢X174 phage (BRL). 

Computer analysis. PF4 and yIP-10 cDNAs were analyzed for 
DNA homology with the ALIGN program on BIONET.” In 
addition, the two proteins were compared by the FASTP program” 
which aligns sequences on the basis of an amino acid replaceability 
matrix, giving higher scores to those replacements which occur 
frequently in evolution. 


RESULTS 


Isolation and characterization of a PF4 cDNA clone. 
Two positive clones, each containing approximately 400-bp 
inserts, were found while screening 1.2 x 10° recombinants. 
One insert was isolated, subcloned into M13, and the DNA 
sequence determined (Fig 1). This 409-bp insert contains a 
54-bp 5’-leader sequence followed by the entire coding 
sequence of PF4, an in-frame termination codon (TAG), a 
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cogcage ATG AGC TCC GCA GCE GGG TIC TEC GOE TCA GGE COC GGG ORS CT THO 
MET ser ser ala ala gly phe cys ala ser arg pre gly lau leu phe 

162 

leu gly leu leu leu leu pro leu val val ala phe ala ser ala qiu ala giu 


1% 
GAA GAT GGG GAC CIG CAG TGC CIG TOT GIG AAG ACC ACC TOC CAG CTC OG COC 
glu asp gly asp leu gin cys leu cys val lye the the ser gin val arg pro 


2i¢ 
AGG CAC ATC ACC AGC CTG GAG GTO ATC AAG GCC GOA Coe CAC TGC CCC ACT GEC 
arg his ile thr ser leu glu val ile lys ala gly pro his cys pro thr ala 

264 
CAA CTG ATA GCC AOG CTG AAG AAT GGA AGG AAA ATT TGC TIG GAC CPG CAA GCC 
gin leu ile ala thr leu lys am gly arg lye ile cys leu asp ieu gin ala 

32) 
DOG CPG TAC AAG AAA ATA ATT AAG AAA CTT TIG GAG AGT TAG clactagctgectac 
pro leu tyr iys lys ile ile lys lys leu ieu glu sex TER 

392 
gtotgtgceatttgctatatagcatacttcttttttccagtttcaatctaactgtgaaagaaacttictgata 


s 
ttrgtattatecitatgatrttaaataaacaaaa taca lcaaasadadasaaaaas 


Fig 1. DNA sequence of human PF4 cDNA. The sequence 
shown is darived mainly from the 409 bp PF4 cDNA clone. The 
5’-untranslated region sequence and the first 35 nucleotides of the 
coding region were obtained from a PF4 genomic DNA clone. The 
amino acid sequence for the leader sequence and mature PF4 are 
included. The arrowhead indicates the N-terminus of mature PF4. 
The ONA sequence for the coding region is in capital letters, and 
the partial 5- and complete 3’-untranslated regions are shown in 
lower-case letters. Two potential polyadenylation signal 
sequences are underlined. 


126-bp 3’-untranslated region containing two potential poly- 
adenylation signals, and an oligo-dA tail of 16 adenosine 
residues located I} bp 3’ to the first polyadenylation 
sequence. The 54-bp 5’ leader contains an open reading 
frame for 18 amino acids and no in-frame chain-initiating 
sequence for methionine (ATG), indicating that human PF4 
is derived by proteolytic processing from a precursor with at 
least 18 additional amino acids at the N-terminus. 

Other PF4 cDNA clones isolated from the expression 
library provided no additional 5 DNA sequence information. 
We therefore determined the remaining leader sequence 
from partial sequencing of a human genomic PF4 clone. The 
full-length leader is 30 amino acids long, preceded by a 
methionine residue and a 5’-noncoding sequence which con- 
tains a consensus sequence for a translational initiation site.” 
The 31l-amino-acid leader sequence contains a 17-amino- 
acid hydrophobic core. 

The size of PF4 mRNA was estimated to be approxi- 
mately 800 nucleotides (n) (Fig 2), which is 350 n larger 
than the sequence shown in Fig 1, suggesting (assuming a 
poly A tail of 100 to 200 n) a 5’-untranslated region of 
approximately 200 n. 

Abundance of PF4 mRNA in HEL cells. A variety of 
methods was used to estimate the abundance of PF4 mRNA 
in HEL cells. Two PF4 cDNA clones were detected from 
1.2 x 10° recombinants using the antibody screen. Since only 
one of six possible reading frames leads to proper protein 
expression in this system, the abundance of PF4 mRNA is 
estimated at 0.01% (12/{1.2 x 10°]}. Visual comparisons of 
lighter exposures of the autoradiograph in Fig 2 and other 
autoradicgraphs of known amounts of PF4 cDNA insert and 
mRNA blotted to Nytran (data not shown) suggest again 
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Fig 2. Size of PF4 mRNA in HEL cells. Autoradiograph of a 
nitrocellulose blot hybridized to labeled PF4 insert. Lane 1 = 0.8 ug 
HEL cell poly A (+) RNA. Lane 2 = 10 pg of the 408-bp PF4 insert. 
Lane 3 = “P end-labeled ¢X Hae Ill DNA markers. 


that the frequency for PF4 mRNA in HEL cell mRNA is 
=0.01%. 

Comparison between human PF4, bovine PF4, and human 
y/P-10. The amino acid sequence of bovine PF4 is homolo- 
gous to human PF4 over much of the molecule; however, it 
differs by the addition of 15 amino acids at its N-terminus 
that are not present in human PF4.'’ Comparing the human 
PF4 leader with the amino acid residues at the N-terminus 
and the deduced DNA coding sequence of bovine PF4 
reveals sequence similarity at the DNA, but not the amino 
acid level (Fig 3). There is a 30-bp region of 63% DNA 
homology, underlined in Fig 3. While DNA homology sug- 
gests that the N-terminus of bovine PF4 and the leader of 
human PF4 may be related, no significant amino acid 
homology exists, apparently secondary to nucleotide dele- 
tions and insertions. 

A previous study’ using the FASTP protein analysis 
program” reported extensive homology between the mature 
human PF4 and yIP-10, Using the same program, we 
compared the human PF4 precursor protein sequence deter- 
mined from our cDNA clone with the protein yIP-10, and 


Fig3. Similarity between the leader sequence 
for human PF4, the N-terminus of bovine PF4, and 
the leader sequence of yIP-10. The bovine PF4 
DNA sequence was deduced from its amino acid 
sequence. U = purine, Y = pyrimidine, and N = any 
nucleotide. A line represents identity, a dashed 
line represents potential identity in cases where 
ambiguity exists in the triplet coding sequence. A 
30-n region of similarity between human and 
bovine PF4 is overlined, and a 22-n region of 
similarity with yIP-10 is underlined. Arrowhead 
indicates cleavage sites for the generation of the 
mature protein. 
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found the same matchup previously reported.” No new 
N-termini amino acid homology was detected. 

Human PF4 and yIP-10 cDNA sequences were also 
compared at the DNA level using the ALIGN program.” 
DNA sequence similarity was found at the 3’ end of the 
coding regions. This similarity begins at the 19th amino acid 
(valine) of the mature PF4 and the 18th amino acid (valine) 
of the processed yIP-10 and extends for approximately 100 
bp downstream, depending on the parameter settings (data 
not shown). A comparison of the 3’-untranslated regions 
revealed no further DNA sequence similarity. A comparison 
of the leader regions of the two proteins reveals a 22-bp 
region (underlined in Fig 3) with 73% similarity, suggesting 
that this region of the two proteins may have evolved from a 
common sequence. Further studies of these genes in other 
species should be helpful in resolving the evolutionary rela- 
tionship between the leader regions of these proteins. 

Analysis of the DNA sequences coding for the mature PF4 
and yIP-10 reveals 43% sequence similarity, with 47% 
similarity for the first nucleotide of the coding triplets, 56% 
for the second, and 25% for the third. Divergence for 
nonsynonymous substitutions (those causing amino acid 
changes) between these genes was 76%, including a correc- 
tion for multiple substitutions at the same nucleotide.” 


DISCUSSION 


The PF4 cDNA is the first probe isolated for a protein 
whose expression is restricted to the megakaryocyte/ platelet 
lineage. These studies confirm immunologic and morpho- 
logic data that HEL cells express megakaryocytic/platelet- 
like properties.” We are presently pursuing the isolation and 
characterization of additional cDNA and genomic clones for 
platelet-specific proteins in order to better understand their 
biological properties and coordinated expression during 
megakaryocyte development. 

Attempts to understand megakaryocytic development 
from an undifferentiated stem cell have been limited to 
morphologic, cytochemical, and immunologic studies. The 
PF4 cDNA probe will now facilitate detection of changes at 
the DNA and transcriptional levels prior to accumulation of 
protein during normal megakaryocyte development, as well 
as in leukemias and myelofibrosis syndromes characterized 
by aberrant expression of megakaryocyte-like cells. 

Our results demonstrate the presence of a human PF4 
leader sequence of 30 amino acids whose structure resembles 
other known signal sequences involved in transmembrane 
transport.** These results suggest that the PF4 leader may be 


ss ae a elas near ee aL Sy N. Bovine 
\ \ \\ RRA \ N it] PF4 
AS \\\ tah 
\ a, \\ AX NY \\ \\\ WAN \ 
CTGCCACTIOTOGTOGOCTTOSCCAGCGCT: Human 








WGA... Human 
y IP-10 


TT HL i. 


222 


involved in packaging PF4 into a granules, followed by 
removal by proteolysis. Leader sequences of other proteins 
which are targeted to specific subcellular organelles have 
been shown to be critical for the proper localization of these 
proteins. The PF4 leader sequence differs from leader 
sequences of mitochondrial proteins® by lacking arginine or 
lysine residues thought to be critical for targeting to the 
mitochondrion. Comparison of human PF4 leader with the 
leader sequence of the y chain of fibrinogen’ also reveals 
neither amino acid nor hydrophobic regions of homology. 
The y chain of fibrinogen is made in the liver, but is also 
thought to be synthesized in megakaryocytes and stored in a 
granules.’ The leader sequence for this protein contains 26 
amino acids, consisting of 12 hydrophilic residues and no 
long stretch of hydrophobic amino acids. Whether this leader 
sequence is also involved in targeting y-fibrinogen to a 
granules is not known. Perhaps an alternative leader 
sequence is utilized for y-fibrinogen synthesized in the 
megakaryocyte. Determination of leader sequences for other 
platelet proteins destined for localization in æ granules 
should further our understanding of the relationship between 
leader sequence and cellular localization. The N-termini of 
human and bovine PF4 appear to have evolved from a 
common DNA sequence, yet code for divergent amino acid 
sequences, with the bovine N-terminus lacking the hydro- 
phobic core that is characteristic of many signal sequences. 
Ultrastructural studies show that bovine platelets lack a 
cytoplasmic canalicular system,” and the sequence differ- 
ences between PF4 in these two species may possibly be a 
reflection of basic differences in membrane organization 
requiring different modes of PF4 transport and release. 

It appears that the three human proteins, PF4, 8TG,” and 
yIP-10, are generated by cleavage at comparable sites in 
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their precursors, suggesting divergence from a primordial 
gene. Since many genes appear to have functional subunits 
divided into separate exons,*’*' we suggest that the cleavage 
site also represents the boundary of two genomic exons, one 
coding for the leader and the other for the small signal 
protein. Preliminary sequence analysis of our genomic PF4 
clone suggests that this is the case for human PF4. 

Comparison of DNA sequences coding for mature PF4 
and yIP-10 reveals significant divergence. The rate of nonsy- 
nonymous divergence for mammalian genes varies consider- 
ably, ranging from 0.004 x 10~’ to 2.80 x 10°” substitutions 
per site per year,’ and also varies among different species*’ 
and in different evolutionary epochs.“ Therefore. the actual 
time of divergence can only be estimated for the PF4 family 
of genes. It is of interest that interferon-like substances have 
only been detected in vertebrates, whose divergence from 
invertebrates is estimated to have occurred approximately 
500 million years ago,“ equivalent to a nonsynonymous rate 
of divergence of 1.52 x 10°° for PF4 and yIP-10. The 
divergence of a primordial protein into PF4 and yIP-10 may 
have accompanied the development of sophisticated immune 
and coagulation systems in vertebrates. The availability of 
cDNA and genomic probes for these genes in other species 
will be useful in studying the evolution of the coagulation and 
immune systems. 
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Steady State Levels of Factor X mRNA in Liver and Hep G2 Cells 


By Bruce R. Bahnak, Richard Howk, James H. Morrissey, George A. Ricca, Thomas S. Edgington, 
Michael C. Jaye, William W. Drohan, and Daryl S. Fair 


in order to examine the control of human factor X biosyn- 
thesis we have molecularly cloned the cDNA and investi- 
gated the expression of the Factor X gene. A recombinant 
clone of approximately 1100 base pairs in length containing 
the sequence of factor X was identified in a Agt11 human 
liver cDNA library by screening with polycional antibodies. 
One plaque was selected and confirmed for specificity with 
a mixture of five factor X specific monoclonal antibodies 
(MoAbs). A partial nucleic acid sequence of the 5’ end of 
the cDNA corresponded to the described amino acid 
sequence between residues 41 and 56 of the light chain of 
factor X. Northern blot analysis of RNA from human liver 
and the hepatoma cell line, Hep G2, identified the factor X 
mRNA as a single molecular species of approximately 1700 


HE VITAMIN K-DEPENDENT coagulation proteins 
(factors VII, IX, and X, prothrombin, and proteins C 

and S) in human plasma are a family of molecules that are 
characterized by amino acid sequence homology and by 
unique y-carboxyglutamic acid (gla) residues located in the 
amino-terminal domain.'? These gla residues, which are 
necessary for function resulting from calcium and phospho- 
lipid binding and conformational ordering of the proteins, 
are formed by a posttranslational modification step in which 
CO, is added to selected glutamic acids. The process also 
requires O,, vitamin K, and the carboxylating enzyme sys- 
tem (carboxylase/reductase).*’ Warfarin inhibits the vita- 
min K epoxide reductase which catalyzes the conversion of 
vitamin K, 2,3-epoxide to vitamin K. Administration of 
this drug to individuals decreases the enzymatic activity and 
concentration of all known vitamin K-dependent proteins.*” 
Vitamin K and warfarin have also been observed to modulate 
the levels of y-carboxylated coagulation proteins secreted 
into the media from cultured cells derived from human and 





From the Division of Vascular Biology and Inflammation, 
Department of Immunology, Research Institute of Scripps Clinic, 
La Jolla, Calif: and the Molecuiar Biology Division, Meloy Labora- 
tories, Inc., Springfield, Va. 

Presented in part at the International Society on Thrombosis and 
Haemostasis meeting, San Diego, Calif, July 1985 (Thromb Hae- 
most 54:168, 1985). 

Submitted January 6, 1986; accepted August 3, 1986. 

Supported by NIH grants HL 16411, HL 33982 and AI 07244. 
This work was done during the tenure of an Established Investiga- 
torship {D.S.F.) of the American Heart Association and with the 
funds contributed in part by the California Affiliate. This is 
publication No. IMM 4150 from the Immunology Department of 
the Research Institute of Scripps Clinic. 

Address reprint requests to Dr Daryl S. Fair, Department of 
Biochemistry, University of Texas Health Center at Tyler, PO Box 
2003, Tyler TX 75710. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact. 

© 1987 by Grune & Stratton, Ine. 

0006-497 1/87/6901-004733.00/0 


224 


bases. Cell lines which do not secrete factor X did not 
contain factor X mRNA indicating restriction of tran- 
scription to hepatocytes. Slot-blot hybridization analysis of 
factor X and actin mRNA demonstrated no change in the 
levels of total or specific factor X mRNA in Hep G2 cells 
following treatment with warfarin or vitamin K. We con- 
clude that modulation of factor X production by these 
drugs, known to influence ‘y-carboxylation and total factor 
X secretion by these cells, is mediated by changes in 
posttranscriptional events rather than by effects on the 
steady state levels of factor X mRNA. 

è 1987 by Grune & Stratton, inc. 


rat hepatomas.'°”'? Decreased secretion of these proteins in 
response to warfarin treatment may be attributed either to a 
decrease in the rate of synthesis or to an increase in catabolic 
rate of the resulting partially modified proteins. Previous 
results from our laboratory suggest that the effect of war- 
farin on prothrombin and factor X levels is probably on 
synthesis.'* Vitamin K may reverse this by increasing the 
rate of secretion from intracellular pools, as seen with rat 
prothrombin.'® Alterations in the rate of synthesis (tran- 
scription or translation), secretion, and turnover have been 
suggested as potential mechanisms responsible for changes in 
the concentration of proteins of this family in response to 
warfarin or vitamin K.'°"? 

Factor X is a 59,000 mol wt two-chain glycoprotein witha 
heavy (42,000) and a disulfide-coupled light (17,000) chain. 
1413 The light chain contains 12 gla residues, and the heavy 
chain contains the active site. Stucies using rat hepatocytes 
and rat and human hepatoma cells have indicated that factor 
X is synthesized as a single chain molecule by the liver.'*'*"° 
Analyses of cDNA clones from bovine and human liver 
libraries indicate that the factor X gene is transcribed as a 
singe mRNA species consistent with the protein synthesis 
studies." 

The human hepatoma cell line (Hep G2) produces a 
variety of plasma proteins™ including most of the vitamin 
K-dependent protein molecules.'**' These proteins are rap- 
idly secreted by the cell and resemble their plasma protein 
counterparts structurally, immunologically, and functional- 
jy. 1323 Further this cell line responds to warfarin and 
vitamin K by modulating the activity and concentration of 
the gamma carboxylated proteins." Decreased levels of 
prothrombin were noted 24 hours after exposure to warfarin, 
which was attributed to a reduced synthetic rate.” 
Decreased levels of factor X and the other vitamin K- 
dependent factors can be shown after they accumulate 
during a more prolonged culture period." One possible 
explanation for these observations would be an alteration in 
the transcriptional rate of the genes encoding these proteins. 
We have identified a partial cDNA recombinant clone for 
factor X from a Agt! 1 expression library and have used it asa 
probe to characterize factor X mRNA in the Hep G2 cell line 
and human liver. Slot-blot analysis was used to investigate 
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the effects of vitamin K and warfarin on the expression of the 
factor X gene in Hep G2 cells by measuring the steady state 
levels of factor X mRNA. 


MATERIALS AND METHODS 


Materials. The human hepatoma cell line Hep G2 was provided 
and characterized by Drs Barbara B. Knowles and David P. Aden of 
the Wistar Institute, Philadelphia.” The cDNA probe for human 
cytoplasmic actin was kindly provided by Dr Elaine Fuchs of the 
University of Chicago.” 

Vitamin K (Aqua Mephyton) was obtained from Merck Sharp & 
Dohme (West Point, Pa). Restriction enzymes were from Interna- 
tional Biotechnologies, Inc. (New Haven, Conn), and DNase I from 
Promega Biotec (Madison, Wis). Guanidinium isothiocyanate was 
purchased from Fluka Chemical Corp (Hauppauge, NY), hydroxy- 
stilbamidine isothionate (HBI) was from Merril National Labs 
(Cincinnati, Ohio), and cesium trifluoroacetate (CsTFA) was from 
Pharmacia Fine Chemicals (Piscataway, NJ). Nucleic acid grade 
phenol, agarose, and formamide were obtained from Bethesda 
Research Laboratories (Bethesda, Md). Glyoxal was from Eastman 
Kodak Co, (Rochester, NY), and methyl mercury hydroxide from 
Alfa Products (Danvers, Mass). Polyadenylic acid and salmon 
sperm DNA were purchased from P.L. Biochemicals (Milwaukee). 
Quick-seal centrifuge tubes were purchased from Beckman Instru- 
ments, Inc (Palo Alto, Calif). Nitrocellulose and slot-blot apparatus 
(Minifold H} were purchased from Schleicher and Schuell, Inc 
(Keene, NH). Other enzymes and reagents were obtained from 
Sigma Chemica! Co (St. Louis, Mo). Radioactive isotopes were from 
Amersham Co (Arlington Heights, Ill). 

Cell culture. The effects of vitamin K and warfarin on the levels 

of factor X mRNA in the Hep G2 cell were investigated using 3 x 3 
fixed factor analyses of variance without replication.” Conditions 
for growing and maintaining Hep G2 cells in culture were as 
described.'’ For experimental studies T-75 flasks were seeded with 
| x 10° cells and grown for seven days in Eagle's minimal essential 
media (MEM) and 10% heat-inactivated fetal calf serum (FCS). 
The cultures were washed and incubated approximately 30 minutes 
in serum-free MEM. The media was replaced with 12 mL of MEM 
(control) or in MEM supplemented with 10 ug/mL vitamin K or | 
ng/mL of the warfarin derivative, 3 (a-acetonylbenzyl)-4-hydroxy- 
coumarin. After the first 24-hour incubation, the cultures were 
washed and incubated with serum-free MEM as described above. 
One flask from each treatment group received media, media supple- 
mented with vitamin K, or media with warfarin, after which the cells 
were incubated another 24 hours. The cells were then harvested, and 
total RNA isolated as described below. 

Cloning of factor X cDNA. A cDNA library was constructed 
from mRNA isolated from adult human liver in the direct expression 
vector Agtl1 essentially as described. Poly(A)* RNA was iso- 
lated and cDNA synthesized essentially as described by Buell et al” 
and Wicken et al.” The cDNA was made blunt ended by incubation 
with S1 nuclease” and the Klenow fragment of DNA polymerase 1.” 
The cDNA was then methylated with EcoRI methylase followed by 
ligation of EcoRI linkers and EcoRI digestion. After size fractiona- 
tion to yield cDNA greater than 1 kb, the cDNA was ligated into 
EcoRI digested and phosphatase-treated Agtl!1. Approximately 
300,000 Agt!1 recombinant phage plaques on E. coli Y 1090% were 
screened with the IgG fraction of rabbit polyclonal antibody against 
factor X’ and antibody reactions were detected by using horseradish 
peroxidase-labeled second antibody. After purification, the isolates 
were screened with a mixture of five factor X-specific mouse 
MoAbs.” An independently isolated plaque containing a recombi- 
nant phage whose fusion polypeptide reacted with rabbit anti-human 
ferritin (M. Jaye, unpublished data) was used as control. The cDNA 
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insert was excised using a combination of restriction enzymes EcoRI 
and Pvull and subcloned into these sites in pBR322. (The recombi- 
nant plasmid was referred to as pDH-1.) The cDNA insert was also 
subcloned between EcoRI and Hincll sites of Mi3mpil. The 
recombinant phage was isolated and subjected to nucleic acid 
sequence analysis as described.” Isolation and characterization of 
the actin cDNA clone has been previously reported.” 

Isolation of RNA. For RNA isolation sterile disposable plastic- 
ware and, when needed, dry heat sterilized glassware were used. 
When appropriate, stock solutions were treated with 0.1% diethylpy- 
rocarbonate and autoclaved. For Northern blot analysis RNA from 
tissues and large volume tissue culture was isolated by two methods. 
Method I was a modification of guanidinium isothiocyanate meth- 
od,*' and method II involved centrifugation through CsTFA. For 
both methods cells were washed in ice cold 0.15 mol/L NaCi + 1.4 
mmol/L HBI and placed on ice. The cells were harvested in 25 
mmol/L sodium citrate, pH = 7.0, 0.5% Sarkosyi, 0.1 mol/L 
2-mercaptoethanol, 5.6 mol/L guanidinium isothiocyanate. Approx- 
imately 15 mL of this solution was used for 10 T-175 flasks. From 
this point Method I was essentially as described.”’ 

Method II involved layering 7 to 8 mL of the guanidinium 
isothiocyanate lysate of the cells on top of 3 mL of CsTFA {d = 1.6 
g/mL) in 0.1 mol/L Tris-HCl, 0.1 mol/L KCI, 1 mmol/L EDTA 
(pH 8.0) in Beckman 16 x 76 mm Quick-seal centrifuge tubes. 
After centrifugation for 24 hours in a Ti-50 rotor at 100,000 x g, the 
supernatants were removed, and the pellets and sides of the tube 
were washed with 3 mL of 6 mol/L guanidine-HCl, 25 mmol/L 
sodium citrate, and 10 mmol/L 2-mercaptoethanol (pH 7.0). 
Approximately four pellets were dissolved in 3 mL of this solution 
and transferred to a clean tube, in which the RNA was precipitated 
with 2.2 volumes of cold 100% ethanol. The precipitate was washed 
twice with 70% ethanol, dissolved in RNase-free H,O, and stored 
at —70 °C. Polyadenylated mRNA was separated from other RNA 
species by binding to cligo(dT)-cellulose as described.” 

For slot-blot analysis, culture medium was removed from the cells, 
and the cells were harvested with 3.0 mL of 0.05% (w/v) trypsin and 
0.5 mmol/L EDTA in MEM media. The trypsin digestion was 
stopped with 8 mL of ice cold MEM + 10% FCS, and I mL samples 
were removed for whole cell counts. The cells were centrifuged at 
1500 x g, washed in ice cold 0.15 mol/L NaCl, 1.5 mmol/L HBI, 
0.5 mmol/L aurintricarboxylic acid, pH 7.0, and transferred to 
microcentrifuge tubes. Three hundred microliters of proteinase K 
buffer (0.1 mol/L Tris-HCI, 10 mmol/L EDTA, 0.15 mol/L NaCl, 
1% SDS; pH 7.5) was added, and the DNA from the lysed cells was 
sheared by passage through a 22-gauge needle. Proteinase K was 
added (300 ug/mL) to each tube and incubated at 37°C for 45 
minutes. Protein was removed by phenol:chloroform extraction, the 
organic phase reextracted with 200 ul of 20 mmol/L Tris-HCI, 2 
mmol/L EDTA, 0.1% SDS, pH 7.4. The pooled aqueous phases 
were extracted with chloroform followed by ethanol precipitation. 
The precipitated nucleic acids were dissolved in 80 uL H-O, made 40 
mmol/L Tris-HCI, 10 mmol/L NaCl, 8 mmol/L MgCl,, pH 7.9 and 
10 U (10 uL) of RNase-free DNase I and incubated 45 minutes at 
37 °C. DNase I was chloroform extracted, and the RNA concen- 
trated by ethanol precipitation in 0.25 mol/L sodium acetate, pH 
5.2. The precipitate was dissolved in RNase-free H,O and the 
absorbance at 260 nm and 280 nm measured. If the Asponm/Acsoum 
ratio was less than 1.95, the samples were treated with DNase I until 
the ratio approached 2.0. The extent of the enzymatic digestions was 
tested by subjecting samples to R Nase digestion. 

Northern blot analyses. Northern hybridizations were done 
essentially as described.”’?? RNA samples were denatured with 1.0 
mol/L glyoxal or 12.5 mmol/L methyl mercury hydroxide and 
electrophoresed in 1.2% horizontal agarose gels. After electrophore- 
sis, gels were soaked 20 to 30 minutes in 10 mmol/L sodium 
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phosphate, pH 6.5, and the RNA transferred for 15 to 20 hours to 
nitrocellulose presoaked in 20 x standard saline citrate (SCC = 0.15 
mol/L NaCl, 0.015 mol/L trisodium citrate, pH 7.0). After trans- 
fer, the nitrocellulose was removed, air dried, and then baked at 
70°C to 80°C in vacuo for two hours. The nitrocellulose was 
prehybridized 24 hours at 42 °C in a solution containing 5 x SSC, 
50% formamide, § x Denhardt's solution (1% Ficoll, 1% polyvinyl- 
pyrrolidone, 1% bovine serum albumin) and 100 ug/mL denatured 
salmon sperm DNA. 

The probes for hybridization reactions were made from nick 
translation of the pBR322 plasmid containing the subcloned factor 
X or actin cDNA insert.” The specific radioactivities of the probes 
varied from 5 to 50 x 10’ cpm/ug. Unincorporated nucleotides were 
removed by ethanol precipitation in the presence of 0.4 mol/L 
ammonium acetate, pH 5.2. The precipitated probes were boiled in 
40 uL containing 1 mg/mL solution denatured salmon sperm DNA 
for ten minutes and cooled on ice. The denatured probes were added 
to a solution of the same composition as the prehybridizing solution 
plus 0.1% sodium pyrophosphate and 200 ug/mL polyadenylic acid. 
The factor X probe was diluted to | x 10’ cpm/mL and actin probe 
was diluted to 1 x 10° cpm/mL for hybridization reactions. Approx- 
imately 16 aL of probe was used per cm’ of nitrocellulose paper. 
Hybridization was performed for 48 hours at 42 °C. After incuba- 
tion, the nitrocellulose was washed for five minutes in 2 x SSC, 0.1% 
SDS at 65°C and three 30-minute washes in the same solution 
followed by three 30-minute washes in 0.2 x SSC, 0.1% SDS. The 
nitrocellulose was air dried, and the hybridization reactions detected 
by autoradiography. 

For slot-blot analysis appropriate concentrations of the RNA 
samples were made 10 x SSC and denatured in 8% formaldehyde by 
heating at 65 °C for 10 minutes. The samples were cooled to ambient 
temperature and diluted in 10 x SSC so that the appropriate amount 
of RNA could be applied in 100 uL aliquots to nitrocellulose paper 
(0.45 um) previously wetted in H,O and presoaked in 20 x SSC. The 
procedures for baking, hybridization, and washing of the nitrocellu- 
lose were as described above. The autoradiographs were quantitated 
by scanning with a laser densitometer (Zeineh soft laser scanning 
densitometer, Biomed Instruments, Inc, Chicago). 


RESULTS 


Four cDNA clones positive for factor X were detected 
from screening 300,000 plaques of a human liver cDNA 
expression library with rabbit anti-factor X antibody. After 
three cycles of plaque purification, one plaque was picked for 
further analysis. This clone showed a positive reaction when 
exposed to a mixture of five factor X-specific MoAbs, while 
the negative control plaques (ferritin cDNA clones) did not. 
The cDNA insert from this clone was excised with EcoR1 
and Pyull and found to be approximately 1100 bp long. Fig 1 
shows a partial nucleotide sequence from the 5’ end of the 
cDNA along with the deduced amino acid sequence and a 
previously published amino acid sequence for the light chain 


20 49 
TGG AAT AAA TAC AAA GAT GGC GAC CAG TGT GAG ACC AGT CCT TGC CAG 


TRP ASM LYS TYR LYS ASP GLY ASP GIN CYS GLU THR SER PRO CYS GLN 


OwuPYr 


TRE ASM LYS TYR LYS ASP GLY ASP GEN CYS GLU THR SER PRO CYS GLN 
4h 45 50 55 


Fig 1. Partial nucleotide sequence of human factor X cDNA 
(A). The predicted amino acid sequence (B) and the published 
sequence (C) are also shown beginning with residue 41. Numbers 
above line A indicate the nucleotide number of the isolated factor 
X clone, while numbers below line C represent the established 
amino acid sequence number. 
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of factor X.** The nucleotide sequence is identical to that 
reported earlier’? and corresponds to amino acid residues 41 
to 56 of the light chain of factor X indicating that thiscDNA 
clone represents a bona fide factor X cDNA which includes 
portions of both the light and heavy chains. 

RNA was isolated from tissue using the guanidinium 
isothiocyanate technique (Method 1).*' This and centrifuga- 
tion through CsTFA (Method II) were used to isolate RNA 
from cells in culture, and both methods gave RNA with 
Asconm/Arsonm absorbance ratios nearly 2.0. Agarose gel 
electrophoresis demonstrated no detectable degradation of 
28S and 18S ribosomal RNAs. Poly (A)* RNA isolated 
from all samples of total RNA behaved similarly in in vitro 
translation assays and in cDNA synthesis. Nevertheless, 
controlled experiments showed that Method II yielded at 
least 5-fold more RNA than Method I (~116 ug/10’ cells v 
20 wg/10’ cells) for cell culture samples. Presumably the 
difference in yields results from the single step isolation of 
Method II compared to multiple ethanol precipitations 
required in Method I. We found that pelleting RNA through 
CsTFA instead of isopycnic banding” of the nucleic acids 
required shorter centrifugation times and that pellets were 
easier to recover than by separating banded nucleic acids. 

The size and number of mRNA species encoding factor X 
was examined using Northern blot analyses with RNA from 
the Hep G2 cell line, from human liver, and from a human 
breast tumor cell line (BT-20), which does not secrete factor 
X. Hybridizations of various concentrations of RNA from 
the Hep G2 cell line with the factor X nick-translated probe 
demonstrated a single mRNA species of 1700 bases (Fig 2, 
left panel). Northern blots of Poly (A)* RNA from BT-20 
cells as well as total RNA from liver and Hep G2 cells 
indicated that the factor X probe hybridized with only one 
mRNA size of 1700 bases in RNA from both liver and Hep 
G2 cells (Fig 2, right panel). The factor X probe did not 
hybridize with RNA from the breast tumor cell line, human 
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Fig 2. Northern-blot analysis of RNA from human liver and the 
Hep G2 and BT-20 cell lines. RNA was denatured in either glyoxal 
(lanes 1 through 3) or methyl mercury hydroxide (lanes 4 through 
6) and electrophoresed in 1.2% agarose gels as described? ™ and 
explained in methods. Recombinant plasmid pDH-!, containing a 
1.1-kb factor X cDNA insert, was nick-translated and used as the 
hybridization probe. (Lanes 1 through 3) 5, 7.5, 10 ug of total Hep 
G2 RNA: (lane 4) 2.5 ug Poly (A) mRNA from the BT-20 cell line; 
(lane 5) 7.5 ug liver total RNA; (lene 6) 7.5ug Hep G2 total RNA. 
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kidney total RNA, or poly (A)* from a human cervical 
carcinoma cell line (Me-180) (data not shown) indicating 
the restriction of factor X gene expression to hepatocytes. 

Total RNA for slot-blot analysis was rapidly isolated from 
numerous small tissue culture samples by Method II. The 
time from cell harvest to blotting of RNA samples was as 
rapid as two days with a number of convenient stopping 
places in the procedure. It was critical to measure the 
Axsonm/Azgonm ratio after DNase digestion to make sure the 
enzyme reaction was complete, because DNA contamination 
interfered with accurate quantitation of mRNA. Samples 
that were not DNase digested but were subjected to RNase 
gave strong hybridization signals indicating DNA contami- 
nation of the total RNA preparation (data not shown). When 
samples exhibiting high A-sonm/As0nm absorbance ratios 
were subjected to RNase A digestion, no hybridization was 
observed, indicating that the DNase digestion was complete. 
Usually 10 units of DNase were required to digest the DNA 
from approximately 3 x 10° cells and reflected an increase of 
the Arssonm/Arsonm ratio from around 1.8 to greater than 1.95. 
Increasing the enzyme concentration or incubation time did 
not eliminate the need for an occasional second DNase 
digestion, suggesting that an enzyme inhibitor remaining 
from previous RNA purification steps is more efficiently 
removed by a second chloroform extraction. We attempted to 
use unfractionated cytoplasmic samples developed for dot- 
blots.* When it was necessary to blot high concentrations of 
RNA, we found it difficult to quantitatively transfer the 
RNA present in the cytoplasmic samples due to the limited 
surface area of the nitrocellulose membrane in the slot-blot 
apparatus. We observed that transfer was quantitative up to 
8 ug of RNA and that binding was sensitive to RNase. 

To determine if the warfarin- and vitamin K-modulated 
differences in synthesis and secretion of vitamin K-depen- 
dent proteins resulted from altered steady state levels of 
mRNA, we employed quantitative slot-blot analyses. Twelve 
seven-day-old Hep G2 cultures were washed with serum-free 
medium and divided into three groups which received either 


Fig 3. Examples of slot-biot analyses of actin and 
factor X mRNA from Hep G2 cells treated for 24 hours 
with vitamin K or warfarin. Total cellular RNA from Hep 
G2 cells was isolated, serially diluted, and blotted onto 
nitrocellulose as described in Methods. The pDH-I (factor 
X) or an actin cDNA”? recombinant plasmid was nick- 
translated and used as the hybridization probe. (Lanes 1 
and 4) RNA from Hep G2 cells treated with 10ug/mL 
vitamin K; (lanes 2 and 5) RNA from cells treated with 1 
ug/mL warfarin; (lanes 3 and 6) RNA from cells treated 
with media only, Below the slot-blots are the densitomet- 
ric tracings for lanes 1 and 4. The numbers below the 
scans correspond to the amount of RNA in the blot. The 
integrated readings quantitate the amount of mRNA 
within the actin (lanes 1 through 3) or factor X (lanes 4 
through 6) RNA blots but not between. 
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medium alone or medium containing warfarin or vitamin K. 
After 24 hours, one flask from each group was removed and 
processed for cell number determination and RNA isolation. 
With the nine remaining flasks, subgroups of three flasks 
that were initially treated with vitamin K, warfarin, or media 
alone were distributed so that a sample from each group 
received either the same treatment or one of the other two 
treatments. After an additional 24 hours of culture, all the 
flasks were harvested, cell number determined, and RNA 
isolated. The results from these combinations were then 
subjected to analyses of variance to determine if any trends 
developed due to vitamin K or warfarin treatment. Total 
protein and DNA synthesis in Hep G2 cells are unaffected by 
warfarin and vitamin K (Bahnak and Fair, unpublished). We 
used hybridization to an actin cDNA clone and normaliza- 
tion of factor X mRNA to actin mRNA to control for 
fluctuations in the recovery of internal mRNA populations 
not resulting from the vitamin K or warfarin treatment. 
Representative slot-blot analyses and tracings of the densi- 
tometric scans are illustrated in Fig 3 for actin and factor X 
mRNA after 24 hour treatment with warfarin, vitamin K, or 
medium alone. The integrated areas under the curves of the 
densitometer scan were linear through the concentration 
range of RNA tested, and for quantitative analysis, the 
tracings for the middle loadings (1.5 and 3 ug MRNA) were 
used. No changes were detected in the levels of either actin or 
factor X mRNA with drug treatment relative to the medium 
only control. This was the case for all pharmacologic combi- 
nations in the study. Since there are no reports of the effects 
of vitamin K or warfarin on the levels of cytoplasmic actin or 
its MRNA, the ratio of factor X mRNA to actin mRNA 
would reveal any changes in the relative abundance of factor 
X mRNA. Table | summarizes the results for ratios of factor 
X mRNA to actin mRNA in Hep G2 cells subjected to the 
3 x 3 fixed factor analysis of variance. Although some 
cultures showed a higher apparent ratio, the amount of 
factor X mRNA remained constant for the various groups 
and subgroups. These values were used for the analysis of 
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Tabie 1. Ratios of Factor X mRNA to Actin mRNA in Hep G2 Celis 
Treated With Vitamin K and Warfarin* 








B/A Vitamin K Warfarin Control 
Vitamin 0.92 1.27 1.00 
Warfarin 1.31 0.94 1.10 
Control 1.45 1.13 1.15 





*Hep G2 cells were cultured in serum-free medium only (control) or in 
medium containing 10 ng/mL vitamin K or 1 pg/mL warfarin for 24 hours 
(A). Subgroups of cells were washed and cultured for an additional 24 
hours in vitamin K, warfarin, or control serum-free medium (B). RNA was 
isolated from each subgroup culture and blotted with radioactive probes 
made from nick-translated factor X or actin cDNA inserts. Densitometric 
tracings of the resulting autoradiograms were integrated, and the 
arbitrary units of integration were used to determine the ratio of factor X 
mRNA to actin MRNA. 


variance for these ratios (Table 2). Table 2 also summarizes 
the analyses of variance from the individual RNA blots, total 
RNA, total secreted protein, and cell number. There were no 
indications of an effect of warfarin or vitamin K on cell 
number, total RNA, actin mRNA, the ratio of factor X 
mRNA to actin mRNA, or total secreted protein for any 
combination of treatment, as all of the F values were <6.94. 
Thus, the changes in factor X protein secretion observed with 
warfarin treatment are not the result of modulation of the 
steady state level of factor X mRNA. 


DISCUSSION 


Administration of warfarin to patients results in decreased 
enzymatic activity and antigen levels of factor X and other 
vitamin K-dependent coagulation proteins.*” Changes in the 
rate of transcription, translation, protein turnover, or protein 
secretion may account for this observation. '? We chose to 


Table 2. ANOVA Table for Assays on Vitamin K and Warfarin 
Treated Hep G2 Cells 


Assay * Mean Square F-ratiot+ 
Cell Number At 7.8 x 10° 2.23 
Bt 5.3 x 10° 1.50 
Total RNA A 4.0 10% 0.02 
BE 2.6x 1077 1.17 
Actin mRNA A 3.62 1.37 
B 4.51 0.94 
Factor 
X mRNA A 3.0x 10°? 0.84 
Actin 
mRNA B 2.3x 107 0.63 
Total A 46.7 0.11 
Secreted 
Protein B 26.0 0.20 


*The mean + standard deviation and (range) of all of these experi- 
ments as a whole were: cell number, 1.16 + 0.23 x 10’ (0.75 to 
1.44 x 10’) celis; total RNA, 91.5 + 16.5 (62.5 to 126) ug; actin 
mRNA 13.2 + 2.4 (11 to 19) integration units: factor X mRNA, 14.5 + 
2.6 (10 to 20} integration units; factor X mRNA/actin mRNA, 1.74 + 
0.18 (0.92 to 1.45); total secreted protein 896 + 170 (624 to 1116) 
ug. 

tF.95 (2, 4) = 6.94. 

tA = mean square and F-values associated with pretreatments; B = 
mean square and F-values associated with drug treatments. 
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examine the effect of warfarin treatment on the steady state 
levels of factor X mRNA as a first approach to addressing 
this question. The site of action of this drug is principally on 
the carboxylating enzyme system present in liver hepato- 
cytes.*? Hep G2 cells secrete most of the vitamin K- 
dependent proteins and respond to warfarin and vitamin K in 
a manner indistinguishable from normal hepatocytes.’?”! 
Therefore, we used this cell line as a model to analyze the 
mechanism of action for the reduced synthesis of this family 
of proteins. 

A factor X cDNA clone was isolated, partially sequenced, 
and demonstrated to represent the 5° end of the coding 
sequence with a nucleotide sequence corresponding to amino 
acid residues 41 to 56 of the factor X light chain. Our results 
were identical to those recently reported by another group 
using nucleotide sequence"? as well as conventional amino 
acid sequence analysis.” This clone was used in northern- 
blot analyses to identify a single mRNA species of approxi- 
mately 1700 bases in both the Hep G2 cell line and human 
liver. Therefore, the mature mRNA in Hep G2 cells and liver 
appear to be transcribed and processed in the same manner. 
Since our factor X clone contains nucleotide sequences that 
encode for both the heavy chain as well as the light chain of 
factor X, the single mRNA species identified in northern 
blots further supports the conclusion that human factor X is 
synthesized as a single chain molecule and subsequently 
cleaved to the conventionally recognized two-chain 
form.'?!8!9 

When the length of mRNA for factor X is compared to 
sizes of factor X cDNA clones,'*"* it appears that about 200 
to 250 bases in the mature MRNA may not be translated. 
The longest reported cDNA clone for factor X is approxi- 
mately 1440 bp and appears to lack sequences for part of the 
leader peptide, S’-untranslated regions and most of the poly 
(A)* tail.'? Factor X is expected to have similar leader 
sequences as other vitamin K-dependent proteins, and 
although it is difficult to estimate the length of the 5- 
untranslated regions, other vitamin K-dependent coagulation 
factors in bovine and human appear to have a short 5- 
untranslated region suggesting that the majority of the 
untranslated nucleotides in mature factor X mRNA may be 
in the polyadenylated tail. 70977? 

We used factor X and actin recombinant cDNA clones as 
probes to investigate vitamin K and warfarin treatment on 
the levels of mRNA in Hep.G2 cells. While warfarin 
specifically reduces secretion of the y-carboxylated coagula- 
tion proteins,'**' the response of these cells to vitamin K is 
less striking and inconsistent; however, increased levels of 
prothrombin have been observed.'* Furthermore, factor X 
and prothrombin levels respond tc vitamin K in cultured rat 
hepatoma cells.'°'' Measurements of extra- and intracellu- 
lar levels of factor X and prothrombin indicated that 
secretion alone could not account for the changes observed in 
these proteins in response to warfarin or vitamin K.'°? 
Therefore, these drugs may alter the synthetic rates at the 
transcriptional level of these proteins produced by the hepa- 
toma cells as has been suggested for the in vivo condition.” 
Among the possibilities for the regulation of mRNA levels 
might be the stability of the transcripts following drug 
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treatment.*'? In the present study we found no changes in 
the levels of total RNA or specific factor X mRNA following 
incubation of cells with warfarin or vitamin K. Even samples 
that had duplicate application of the same agent in the 
experiment showed no alterations in the RNA parameters 
measured. Thus, it appears that neither warfarin nor vitamin 
K affect the steady state levels of mRNA in Hep G2 cells. 
Whether the maintenance of the steady state levels in the 
drug treated cells is in fact due to an increased rate of 
transcription of a less stable transcript is unknown; further 
studies, including measurement of transcript stability, would 
be necessary to confirm or deny this hypothesis. 

Regulation of vitamin K-dependent protein synthesis 
could occur at the level of translation, intracellular protein 
turnover, or rate of secretion. Previously, we determined that 
the changes in the secretion of prothrombin could not be 
accounted for by increases (warfarin treatment) or decreases 
(vitamin K addition) in the intracellular concentration of 
prothrombin.'? Thus, either changes in the rate of translation 
or intracellular turnover must be responsible for the protein 
changes observed in vitro and in vivo in response to these 
pharmacologic agents. Altered protein conformation due to 
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covalent modifications, cofactor dissociation, or amino acid 
substitutions can change the degradation rate.“ The 
effects of protein carboxylation on turnover rates are not 
known, but during vitamin K-deficient states the vitamin 
K-dependent proteins would not be processed normally, and 
these incompletely modified proteins may be more suscepti- 
ble to intracellular catabolism. If changes in turnover rates 
are combined with changes in secretion rates, the effects on 
extracellular levels of these proteins could be amplified. 
Changes in both turnover and secretion rates have been 
suggested to account for intraspecies differences in the 
amount of descarboxyprothrombin present in the plasma of 
warfarin treated animals.***’ Since the carboxylase system in 
Hep G2 cells appears to respond “normally” to vitamin K 
and warfarin, it should provide a system to analyze the 
effects of y-carboxylation on the turnover of this family of 
homologous coagulation proteins. 
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Protein S Is a Cofactor for Activated Protein C Neutralization 
of an Inhibitor of Plasminogen Activation 
Released From Platelets 


By Armando D'Angelo, Marion S. Lockhart, Silvana Vigano D'Angelo, and Fletcher B. Taylor, Jr. 


Platelets stimulated with thrombin release an inhibitor of 
plasminogen activator (PAI), which has been shown previ- 
ously to be neutralized by activated protein C (APC). The 
requirements for optimal neutralization of PAI activity 
were investigated. The releasate of gel-filtered human 
platelets stimulated with thrombin served as a source of 
PAI. When 6 x 10° platelets/mi were incubated with 
thrombin (1 IU/mL), the releasate contained 18 to 26 
ng/mL PAI as determined by incubation of the releasate 
with urokinase and measurement of residual urokinase 
activity on plasminogen ($2251). Preincubation of PAI with 
up to 4 ug/mL APC for two hours yielded less than 20% 
neutralization of PAI activity. In the presence of protein S, 
phospholipid, and Ca**, neutralization of PAI activity was 


CTIVATED PROTEIN C accelerates whole blood clot 
lysis in vitro’ by multiple mechanisms, many depen- 
dent on or accelerated by the presence of mononuclear 
leukocytes and platelets.” One mechanism by which acti- 
vated protein C produces this effect is by neutralizing an 
inhibitor of plasminogen activator released from mononu- 
clear leukocyte-platelet mixtures.’ Activated protein C also 
neutralizes a plasminogen activator inhibitor found in endo- 
thelial cell conditioned media.*” Immunologic identity of the 
platelet- and endothelial cell-derived plasminogen activator 
inhibitors (PAI) had been previously demonstrated.® It was 
Suggested that activated protein C prevented inhibition of 
tissue plasminogen activator by preventing complex forma- 
tion with PAI.’* However, the concentrations of activated 
protein C required to produce these effects were high relative 
to the other constituents and to the amount of activated 
protein C one might expect to be produced under physiologic 
conditions. 

Since protein S is a cofactor for the hydrolysis of factor Va 
and the anticoagulant activity of activated protein C,’ we 
asked if protein S might also be a cofactor for neutralization 
of plasminogen activator inhibitor and thus facilitate pro- 
fibrinolytic activity of activated protein C. 

Therefore, we studied the conditions and components 
necessary for optimum activated protein C neutralization of 
the PAI released from platelets by thrombin. 


MATERIALS AND METHODS 
Fibrinolytic Components and Assay 


Preparation of fibrinolytic components. Human glu-plasmin- 
ogen (specific activity of 18 to 20 CU/mg) was purified as 
described!’ and stored in 20 mmol/L Tris-HCl, 0.15 mol/L NaCl, 
pH 7.55 at —60 °C, 

S-2251 (Kabi Diagnostica, Stockholm, Sweden) was stored in 0.5 
mol/L NaCl at 3.6 mmol/L concentrations in | mL aliquots 
at — 20 °C. 

High molecular weight human urokinase, (100,000 IU /mg; Cal- 
biochem Corp., La Jolla, Calif) was stored in 50% glycerol, 20 


Biood, Vol 69, No 1 (January), 1987: pp 231-237 


time-dependent with 50% neutralization occurring in two 
hours with 1 ug/mL APC. The cofactor effects of protein S$ 
and phospholipid were concentration-dependent with half- 
maximal acceleration at approximately 3 ug/ml protein 5 
and 10 g/mL phospholipid when the experiments were 
performed at 1 ug/mL APC. Diisopropylfluorophesphate- 
inactivated APC, gla-domainiess APC, and thrombin- 
cleaved protein S had no effect on PAI activity, indicating 
requirement for preservation of the APC active site and of 
the Ca?’ binding ability of both APC and protein S. These 
results suggest coordinate binding of APC and protein $ 
onto phospholipid membrane as a prerequisite for optima! 
expression of PAI neutralized by APC. 

©7987 by Grune & Stratton, inc. 


mmol/L Tris-HCI, 0.15 mol/L NaCl, pH 7.55, at -20°C at a 
concentration of 1000 U/mL. 

Human plasmin (15 CU/mg, Kabi Diagnostica, Stockholm, 
Sweden) was stored in 50% glycerol, 0.001 N HCl, at ~20°C ata 
concentration of 0.5 mg/mL. 

Assay and characteristics of fibrinolytic components. Activa- 
tion of plasminogen to plasmin by urokinase was monitored using 
S-2251 as substrate." This assay was run in three stages to accom- 
modate the requirements of the full-scale experiments in which all 
components were used. In stage |, platelet releasate (source of PAT) 
was incubated for 60 to 240 minutes at 37 °C either with Tangen 
HEPES-0.1% BSA buffer,’ or with one or more of the following: 
activated protein C, diisopropylfluorophosphate-inactivated acti- 
vated protein C, gla-domainless activated protein C, bovine factor 
Xa, protein S, thrombin-cleaved protein S, phospholipid, CaCl,, or 
EDTA ina final volume of 0.11 mL. 

In stage 2, urokinase (10 uL) was added and incubated for ten 
minutes at 37°C. For each experiment a calibration curve was 
constructed with increasing urokinase concentrations (0.5 to 4.0 
IU/mL) incubated with 0.11 mL buffer (final volume 0.12 mL). 
Urokinase activity was stable in buffer for up to six hours at 37 °C, 
In stage 3, 40 uL of this stage 2 incubate was added to 30 wl. of 
plasminogen giving a final concentration of 70 pg/mL of plasmin- 
ogen. After incubation of this mixture for 15 minutes at 37 °C. 30 uL 
of S-2251 was added giving a final concentration of 1.0 mmol/L 
S-2251. The total volume of stage 3 was 0.1 mL. The reaction was 
stopped by addition of 0.5 mL of 1% acetic acid when the color 
intensity appeared such that it would have an absorbance of 0.600 (8 
to 40 minutes). The extent of hydrolysis of S-2251 by plasmin was 
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measured by determining absorbance at 405 nm using a Beckman 
DU7 spectrophotometer. 

Under these conditions, kinetic analysis of the rate of S-2251 
hydrolysis during stage 3 showed a linear increase of AA,)./min over 
time for urokinase concentrations in stage 2 ranging from 0.25 to 3 
IU/mL, provided sufficient S-2251 was available. This suggested 
that although plasminogen activation was still taking place during 
stage 3, this occurred as a linear function of the urokinase concentra- 
tion present at completion of stage 2. Fig | shows a typical 
concentration-dependent activation of plasminogen by urokinase 
incubated with either buffer or platelet releasate. 

It should be noted that since the reaction of greatest interest 
involving neutralization of PAI activity in platelet releasate occurred 
in stage | of this assay, the concentration of platelet releasate (% 
dilution), activated protein C, dusopropylfluorophosphate-inacti- 
vated activated protein C, gla-domainless activated protein C, 
bovine factor Xa, protein S, thrombin-cleaved protein S (ug/mL), 
phospholipid (ug/mL), CaCl, (mmol/L), and EDTA (mmol/L) are 
given with respect to stage 1. 


Antifibrinolytic Components and Assay 


Preparation of platelet releasate. Human platelets (1 to 5 x 
10°/mL), prepared from platelet concentrates within two to four 
hours of collection in ACD buffer, were incubated with 0.1 mg/mL 
prostaglandin E, at 22 °C. After 10 minutes they were gel-filtered 
through Sepharose 2B equilibrated in Tangen HEPES-0.1% BSA 
buffer as described by Carroll et al." 

Platelet releasate was prepared from 5 to 7 mL of washed platelets 
after incubation for 30 minutes at 37 °C. The platelets were aggre- 
gated by addition of thrombin (1 IU/mL) and centrifuged at 
2,000 x g for ten minutes at room temperature. The supernate was 
harvested and gentamicin (0.25 mg/mL) and (p-amidinophenyl) 
methanesulfonyl fluoride (20 pmol/L) were added to inhibit bacte- 
rial growth and residual thrombin, respectively. 
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Fig 1. inhibition of urokinase activation of plasminogen by PAI 
in platelet releasate. Stage 1: Tangen HEPES-0.1% BSA buffer 
(O-O) or a 50% dilution of platelet releasate in buffer (@-@) were 
incubated for two hours at 37 °C (final volume 0.11 mL). Stage 2: 
Urokinase (0.01 mL) was added to give the final concentrations as 
shown and incubated for ten minutes at 37 °C. Residual urokinase 
activity on plasminogen was followed in stage 3 as described in 
Methods. The intercept of the platelet releasate-urokinase con- 
centration dependence curve allows caiculations of PAI activity in 
the platelet releasate. This preparation of platelet releasate 
(undiluted) contained approximately 20 ng/mL active PAI. 
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Platelets release protein S upon stimulation with thrombin.'*"° 


According to Schwarz et al'* between 0.2 and 0.4 ug protein S is 
recovered in the supernatant of 3 x 10° platelets stimulated with | 
IU/mL thrombin. To remove protein 5 from platelet releasate, a 
mouse monoclonal antibody directed against human protein S 
(HPS-2, a gift from Dr C.T. Esmon) was used. This was coupled to 
Affigel 10 (Biorad, Richmond, Calif) at a concentration of 5 
mg/mL gel and 0.2 mL of packed beads was incubated with 5 mL of 
platelet releasate for two hours at room temperature on a rocker. The 
immobilized antibody was removed by centrifugation. Under the 
same conditions, up to 50 ug/ml purified protein S can be 
completely removed by the immobilized monoclonal antibody as 
judged by immunoelectrophoresis. Once stored at 4 °C, PAI activity 
remained stable for two to three weeks in the platelet releasate. 

Assay and characterization of PAŁ activity of platelet releas- 
ate. A 50% dilution of stock platelet releasate was used in this and 
all the other studies that follow. This stock contained releasate 
generated from 1.2 x 10°/mL platelet suspensions. Fig | shows that 
the PAI activity of platelet releasate followed a linear pattern in 
parallel with the urokinase control. Since under these conditions the 
reaction of PAI with urokinase was complete at all concentrations 
within the ten-minute incubation period, we concluded that the 
reaction was stoichiometric as previously suggested.® The intercept 
of the platelet-releasate-urokinase concentration dependence curve 
can be used to estimate the amount of active PAF in platelet 
releasate. In Fig 1, a 50% dilution of platelet releasate neutralized 
completely the apparent activity of at least 1 IU/mL (=10 ng/mL) 
urokinase, giving 100% inhibition (closed circles}. Assuming a 
stoichiometric, essentially irreversible interaction between two pro- 
teins of approximate equal molecular weight (53,000 y 50,000), 10 
ng/mL urokinase would bind an equal weight/mL of PAI. 

As a result, a good approximation of the amount of active PAI in 
platelet releasate (ng/mL) can be derived from measurement of 
residual urokinase activity on the calibration curve according to the 
equation: [UK] jog ~ [UK] vessa = [Active PAIL]. In spite of the 
addition of (p-amidinopheny!) methanesulfonyl fluoride, PAI activ- 
ity in the platelet releasate declined spontaneously at 37 °C (appar- 
ent half-life 120 to 180 minutes), consistent with the report of 
spontaneous decline of PAI activity in endothelial-cell-conditioned 
media.* Therefore, unless indicated otherwise, PAI activity of plate- 
let releasate is always referred to as the apparent activity observed 
after a two-hour incubation in stage 1. 

Control studies in which plasmin (10 to 100 ng/mL} was added to 
platelet releasate also were done. No inhibition of plasmin by 
platelet releasate was observed. 


Activated Protein C Components 


Human protein C was partially purified from plasma (8 to 10 L) 
as previously described’* and separated from contaminating proteins 
by chromatography on a murine anti-human protein C monoclonal 
antibody (HPC-4) which requires Ca** for interaction with protein 
C. Human activated protein C was prepared from protein C daily 
by means of insolubilized thrombin-thrombomodulin as described 
previously.” The anticoagulant activity of all preparations of acti- 
vated protein C was assayed using a factor Xa one-stage assay.” The 
stock solutions of 50 pg/mL activated protein C in 0.02 mol/L 
Tris-HCI, 0.1 mol/L NaCl, 4 mmol/L CaCl, and 0.1% BSA were 
stored at 4°C no longer than two days. Working solutions of 
activated protein C were prepared just before each experiment to the 
final concentration required in Tangen HEPES-0.1% BSA buffer, 
pH 7.4. The gla-domain (residues | to 44 of the light chain of protein 
C} was removed by limited proteolysis with chymotrypsin and 
chromatography as described by Esmon et al. After activation with 
thrombin-thrombomodulin” the gla-demainless activated protein C 
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had greater than 0% of the amidolytic activity of a corresponding 
concentration of activated protein C but less than 10% of its 
anticoagulant activity. Human protein S was prepared as described 
by Comp et al. Thrombin cleaved protein S was prepared by 
incubating protein S (0.5 mg/mL) in 1.5 mL of 20 mmol/L 
Tris-HCI, 2 mmol/L EDTA buffer, pH 7.4, containing 0.1 mol/L 
NaCl and bovine thrombin at a final concentration of 50 ug/mL for 
15 minutes at 37°C. The thrombin then was removed by batch 
adsorption onto 0.3 mL SP-Sephadex for 30 minutes. 

Phospholipid suspensions containing 7.5 mg phosphatidyl-choline- 
phosphatidylserine (70:30 PC:PS) per mL 0.015 mol/L Tris-HCl, 
0.15 mol/L NaCl, pH 7.4, were prepared by sonication (Branson 
model B-3 bath) for 30 minutes at room temperature. These 
suspensions were stored at room temperature under nitrogen for up 
to one week. 


Other Reagents 


The diisopropylfuorophosphate-inactivated activated protein C 
was prepared by treating activated protein C (0.5 mg/mL) with 10 
mmol/L diisopropylfluorophosphate in 0.1 mol/L Tris saline buffer 
for ten minutes at room temperature. This preparation was dialyzed 
overnight against 4 L of 20 mmol/L Tris-HCI, 0.15 mol/L NaCl, 
pH 7.55, and assayed for activated protein C activity using the factor 
Xa one-stage clotting assay. Less than one percent of the original 
activity remained. 

A stock solution of human a-thrombin prepared as described by 
Owen et al,” 610 NIH U/mL, had specific activities from 2,800 to 
3,000 IU/mg and was stored in 5 mmol/L MES, 0.15 mol/L NaCl, 
pH 6.0, at —60 °C. 

Activated bovine factor X (Xa) was prepared from purified factor 
X as described by Skogen et al.” A stock solution of Xa, 0.5 mg/mL, 
was stored in 2 mmol/L Tris-HCI, 0.15 mol/L NaCl, pH 7.5, 
at —80 °C. This was a gift from Dr C.T. Esmon. 

Bovine serum albumin (BSA) 96% to 99% (fraction V), N- 
2-hydroxyethylpiperazine-N’-2-ethanesulfonic acid (HEPES), 
gentamicin, phosphatidylcholine, phosphatidylserine, prostaglandin 
E,, Sepharose 2B, QAE-Sephadex, and SP-Sephadex were obtained 
from Sigma Chemical Co (St. Louis, Mo). The (p-amidino- 
phenyl)methanesulfony! fluoride and diisopropylfluorophosphate 
were obtained from Calbiochem Corp (La Jolla, Calif}. All chemi- 
cals were reagent grade. 


RESULTS 


The concentration-dependent neutralization of PAI activ- 
ity in platelet releasate by activated protein C is shown in Fig 
2. In the presence of EDTA, activated protein C had no PAI 
neutralizing activity. Addition of Ca’** and low levels of 
phospholipid did not produce full expression of the PAI 
neutralizing activity of activated protein C, unless protein S 
also was present. Requirement for preservation of the active 
site of activated protein C was demonstrated by failure of 
diisopropylfluorophosphate-inactivated activated protein C 
to produce neutralization of platelet PAI (Fig 2). This 
closely resembled the conditions for the expression of acti- 
vated protein C anticoagulant activity, suggesting cofactor- 
dependent binding of activated protein C to phospholipid as 
an explanation for its increased efficacy. Requirement for 
preservation of the ability of activated protein C to interact 
with phospholipid surfaces was demonstrated by substitution 
of gla-domainless activated protein C for activated protein C. 
Gla-domainless protein C is normally activated by soluble 
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Fig 2. Concentration dependence of activated protein C~ 
induced neutralization of PAI activity in platelet releasate. Stage 1: 
To a 50% dilution of platelet releasate in Tangen HEPES-0.1% BSA 
buffer final concentrations of activated protein C as shown were 
added in the presence of either 3 mmol/L EDTA (O-O), 2 mmol/L 
CaCl, and 10 ug/mL phospholipid (70:30 PC:PS} with (0-0) or 
without {A-A} 10ug/mL protein S (final volume 0.11 mi). Platelet 
releasate (50% dilution) was also incubated with either buffer 
(0). bovine Xa (1.2.4 pg/mL, 4-4), gla-domainiesss activated 
protein C (1,2,4 ug/mL) in the presence of 2 mmol/L Cati., 10 
ug/mL protein S, and 10 mg/mL phospholipid (B-B), or activated 
protein C at the shown concentrations with a 10 molar excess of 
diisopropylfluorophosphate-inactivated activated protein © in the 
presence of 10 ug/ml phospholipid, 2 mmol/L CaCl, and 10 
ig/ml protein S (@-@)}. These mixtures were incubated two hours 
at 37 °C. Stage 2: Urokinase then was added to give a final stage 2 
concentration of 2 IU/mL, and this mixture was incubated an 
additional ten minutes at 37 °C. In stage 3, residual urokinase 
activity was measured on a calibration curve obtained with 
increasing concentrations of urokinase in buffer (0.5 to 5 IU/mL} 
and relative ng/mL active PAI calculated as described in Meth- 
ods. 


thrombin-thrombomodulin complex, but has no anticoagu- 
lant activity due to impaired binding to phospholipid." 
Gla-domainless activated protein C, in the presence or 
absence of Ca**, phospholipid, and protein S, produced no 
neutralization of PAI activity over the same range of concen- 
trations used for activated protein C (Fig 2). 

The specificity of activated protein C in neutralizing PAI 
activity was suggested by substituting bovine Xa, in the 
presence of phospholipid and Ca**, for activated protein C. 
Bovine Xa has similar coagulant activity to human Xa in 
human plasma.” Bovine Xa (1 to 4 ug/mL) had no PAI 
neutralizing activity. 

Figure 3 shows the time-dependence at 37°C of the 
neutralization of PAI activity in the platelet releasate by 
activated protein C. In this experiment, PAI activity declined 
spontaneously to 50% in four hours. After two hours, PAI 
activity was specifically reduced to 41% by 1 ng/mL acti- 
vated protein C and to 29% by 4ug/mL activated protein C 
in the presence of protein S, phospholipid, and Ca’*, By 
removal of Ca?* from the incubation mixture with 3 mmol/L 
EDTA, 4 ug/mL activated protein C produced only 13% 
neutralization of PAI activity after two hours. 
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Fig3. Time course of activated protein C-dependent neutrali- 
zation of PAI in platelet releasate in the presence of protein S$, 
phospholipid, and Ca?’ . Final concentrations of 1 ug/ml activated 
protein C (O-O) and 4 ug/mL (MH) with 10 ug/ml protein S, 10 
ug/ml phospholipid (70:30 PC:PS), and 2 mmol/L CaCl, or 4 
ug/ml activated protein C with the same concentrations of 
phospholipid and protein S, but with 3 mmol/L EDTA (4-4) were 
added to a 50% dilution of platelet releasate in Tangen HEPES- 
0.1% BSA in stage 1 at 37 °C. Platelet releasate (50% dilution) was 
incubated with buffer only, at 37 °C {O-O}. At the indicated times 
urokinase (2 IU/mL) was added and this stage 2 mixture (0.12 mL) 
incubated for ten minutes at 37 °C. Residual PAI activity (mg/mL) 
was calculated as described in Methods. 


The reconstituted system (activated protein C plus protein 
S, phospholipid and Ca’*) did not reverse inhibition of 
urokinase activity by the platelet PAI (Fig 4). Incubation of 
platelet releasate with urokinase for ten minutes in stage 2, 
by omitting stage 1, resulted in complete neutralization of 
2.5 IU/mL urokinase (line F). Preincubation of platelet 
releasate with buffer for two hours at 37°C (stage 1) 
followed by addition of urokinase produced neutralization of 
| IU/mL urokinase, as a result of spontaneous decline in 
activity (line D). Activated protein C (4 ug/mL) with its 
cofactors produced virtually complete neutralization of PAI 
activity after a two hour incubation at 37 °C with platelet 
releasate in stage 1 (line C). In contrast, incubation of 
activated protein C with its cofactors, platelet releasate and 
urokinase for two hours in stage | (line E) resulted in a PAI 
activity which was similar to that of the platelet releasate 
incubated for ten minutes with urokinase after omission of 
stage | (line F). Urokinase activity was identical upon 
incubation with buffer for either ten minutes or two hours at 
37 °C (lines A and B). These data confirm fast neutralization 
of urokinase activity by PAI and suggests no significant 
effect of activated protein C and its cofactors on the equilib- 
rium between urokinase and the PAL. 

Neutralization of factor Va by activated protein C is 
dependent on the concentration of both protein S and phos- 
pholipid.” This appears also to be the case for activated- 
protein C—dependent neutralization of the platelet PAI. Fig 
5 shows the concentration dependence of the cofactor effect 
of protein S. Increasing concentrations of protein S in the 
presence of | ug/mL activated protein C, phospholipid, and 
Ca** reduced PAI activity to 37% with approximate half 
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Fig 4. Effect of the presence of urokinase on the neutraliza- 


tion of platelet PAI by activated protein C, protein S, phospholipid 
and Ca’*. The assay was conducted as described in Methods. 
Stage 1: All samples described below were incubated for 120 
minutes at 37 °C: incubation volumes equal to 0.11 mL. A (Ok 
buffer (Tangen HEPES-0.1% BSA, pH 7.4}; B (@): urokinase in 
buffer; C (O): 4 g/mL activated protein C {66 nmol/L), 10 ug/ mL 
protein S {147 nmol/L), 10 ug/ml. phospholipid, and 2 mmol/L 
CaCl, with a 50% dilution of platelet releasate in buffer; D (A): 
platelet releasate (50% dilution) in buffer; E (M: urokinase, 4 
ug/mL activated protein C, 10 ug/ml protein $, 10 pg/mL 
phospholipid and 2 mmol/L CaCi, with a 50% dilution of platelet 
releasate in buffer; F (A): platelet releasate (50% dilution) with 
urokinase in buffer. Stage 2: Ten-rminute incubation at 37 °C; 
incubation volumes equal to 0.12 mL: addition of 1C ul of either 
buffer (B, E, F} or urokinase (A, C, D). All urokinase added to give a 
final concentration in stage 2 as shown on the abscissa. Stage 3 
was followed as described in the text. The platelet PAI was 
spontaneously reduced to about 50% after incubation at 37 °C for 
120 minutes (D, F}. Incubation of activated protein C with the 
platelet releasate for 120 minutes followed by addition of uroki- 
nase caused virtually complete neutralization of antiactivator 
activity (C). In the presence of urokinase activated protein C had 
no effect on the apparent anti-PAl activity (E, F}. 


maximal acceleration at 3 ug/mL. In the absence of acti- 
vated protein C, 16 ug/mL protein S with phospholipid and 
Ca’* produced no neutralization of PAI activity. Addition of 
21 ug/mL of goat polyclonal anti-human protein S antibody 
(kindly donated by Dr P.C. Comp) in stage 1, together with 
activated protein C, phospholipid, Ca**, and 10 ug/mL 
protein S, completely abolished PAI neutralization (not 
shown). Requirement for preservation of the Ca** binding 
ability of protein S to support activated protein C-dependent 
neutralization of PAI was demonstrated by substituting 
thrombin-cleaved protein S, which binds Ca** less effectively 
and which is devoid of any anticoagulant activity,” for native 
protein S. Thrombin-cleaved protein S showed no cofactor 
activity (Fig 5). Moreover, removal of Ca** from the incuba- 
tion mixture with EDTA completely inhibited PAI neutrali- 
zation by activated protein C in the presence of protein S and 
phospholipid (not shown). 

The concentration dependence of the cofactor effect of 
phospholipid is shown in Fig 6. Activated protein C (1 
mg/mL) was incubated with recalcified platelet releasate 
and increasing concentrations of phospholipid for two hours 
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Fig 5. Concentration dependence of protein S on the acti- 
vated protein C induced neutralization of PAI activity in platelet 
releasate. Stage 1: To a 50% dilution of platelet releasate in 
Tangen HEPES-0.1% BSA buffer, final concentration, as shown, of 
protein S (1-0) or thrombin cleaved protein S (A-A} were added 
to 10 g/mL phospholipid (70:30 PC:PS), 1 ug/ml activated 
protein C, and 2 mmol/L CaCl,. Platelet releasate (60% dilution) 
was also incubated with buffer. These mixtures {0.11 mL) were 
incubated two hrs at 37 “C. in stage 2, urokinase was added to give 
a final stage 2 concentration of 2 IU/mL. Residual active PAI 
(ng/mL) was calculated as described in Methods. PAI activity was 
14 ng/mL in the platelet releasate incubated with buffer (50% 
dilution) in stage 1. Controls that showed no neutralization of PAI 
included: protein S plus phospholipid and activated protein C in 3 
mmol/L EDTA; protein S plus phospholipid and calcium; protein S 
alone. 


at 37 °C in the presence or in the absence of protein S. Half 
maximal acceleration of PAI neutralization by activated 
protein C was observed at approximately 10 ug/mL phos- 
pholipid in the presence of protein S as opposed to approxi- 
mately 30 ug/mL phospholipid in the absence of protein S. 
At 40 ng/mL and 80 g/mL phospholipid concentration, 
protein S cofactor activity was no longer apparent. PAI 
neutralization was not observed either in the absence of Ca* 
or in the absence of activated protein C (with 80 ug/mL 
phospholipid, Fig 6). If the cofactor effects of protein S and 
phospholipid are due to interaction of activated protein C 
with protein S onto the phospholipid surface, one would 
expect diisopropyliluorophosphate-inactivated activated pro- 
tein C to behave like a competitive inhibitor of activated 
protein C. As shown in Fig 2, incubation of a 10 molar excess 
of diisopropylfluorophosphate-inactivated protein C with 
increasing concentrations of activated protein C in the 
presence of its cofactors completely inhibited activated- 
protein C-dependent neutralization of PAI in platelet re- 
leasate. 


DISCUSSION 


These studies confirm that activated protein C neutralizes 
the inhibitor of plasminogen activator derived from plate- 
lets.” These studies are the first to demonstrate that protein S 
is a cofactor for this profibrinolytic effect of activated pro- 
tein C, 

Walker has shown that the rate of factor Va inactivation is 
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Fig 6. Concentration dependence of phospholipid on the acti- 
vated protein C induced neutralization of PAI activity in platelet 
releasate. Stage 1: To a 50% dilution of platelet releasata in 
Tangen HEPES-0.1% BSA buffer containing 1 ug/ml. activated 
protein C and 2 mmol/L Ca’**, final concentrations of phospholipid 
(70:30 PC:PS) as shown were added either in the presence (0-0) 
or in the absence {O-O} of 10 ug/ml protein S. Platelet releasate 
(50% dilution) was also incubated with buffer (@). These mixtures 
{0.11 mL) were incubated two hours at 37 °C. in stage 2, urokinase 
was added to give a final concentration of 2 IU/mL. Residual PA! 
activity was determined as described in Methods. Controls that 
showed no significant neutralization of PAI included platelet re- 
leasate plus 80 ug/ mL phospholipid (A), and platelet releasate plus 
phospholipid (80 g/mL), 3 mmol/L EDTA, protein $ (10 ug/ml), 
and activated protein C (1 ug/mL) (9). 


increased about eightfold by the addition of protein S to 
activated protein C.’ He also observed that the presence of 
phospholipid was required for expression of the protein S 
cofactor activity. He has proposed that protein S increases 
Ca’**-dependent binding of activated protein C to phospho- 
lipid membranes by formation of a 1:1 stoichiometric com- 
plex, thus accelerating proteolytic degradation of factor Va 
on the phospholipid surface.” Studies on endothelial cell” 
and platelet'® receptors for activated protein C and protein $ 
have confirmed formation of activated protein C-protein 5 
complexes as a prerequisite for factor Va neutralization, 
although indicating different stoichiometries {1 activated 
protein C molecule: 20 protein S molecules on platelets; 
1:400 on endothelial cells). 

Protein S is also required for full expression of the PAI 
activity of activated protein C. The rate of PAI neutraliza- 
tion is increased at least six- to eight-fold by addition of 
protein S (Fig 6). Protein S stimulation of PAI inactivation 
occurred only in the presence of both phospholipid and Ca“, 
Both activated protein C and protein S must retain their 
ability to bind phospholipid vesicles for effective PAI neu- 
tralization as shown by the experiments conducted with 
gla-domainless protein C and with thrombin-cleaved protein 
S. Therefore, taken together, these data suggest that, as in 
the case of factor Va neutralization, the qualitative biochem- 
ical basis for the cofactor effect of protein S in supporting 
activated protein C-—dependent neutralization of PAI resides 
in its ability to increase the affinity of activated protein C for 
phospholipid surfaces. This is consistent with (a) saturability 
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of both phospholipid and protein S effects (Figs 2 and 6), (b) 
the finding of no significant protein S cofactor activity in the 
presence of a large excess of phospholipid (Fig 5), and (c) the 
inhibitory effect of diisopropylfluorophosphate-inactivated 
activated protein C on activated protein C (Fig 2). 

Accurate quantitative analysis of the concentration depen- 
dence of the effects of protein S and phospholipid in our 
system was hindered by the unavailability of sufficiently 
high concentration of platelet PAI. Interference by other 
platelet release products (factor Va, platelet proteases) and / 
or by residual platelet particles cannot be excluded. More- 
over, the estimate of PAI concentration being based on PAI 
activity does not take into account the possible contribution 
of inactive forms of PAI. With these limitations, however, we 
estimate that 44 nmol/L protein S was required for the 
expression of maximal] neutralizing activity of 15.5 nmol/L 
activated protein C in the presence of 10 ug/mL phospho- 
lipid (Fig 5). When considering that some degree of protein S 
cleavage commonly occurs during the purification proce- 
dures (20% to 30%) and that unknown platelet release 
products may interfere,” these figures should be an overesti- 
mation of protein S in the stoichiometry of the functional 
protein S-activated protein C complex on the phospholipid 
surface. 

A major observation is that the concentrations of activated 
protein C and protein S active in our system are in the 
physiological range. Approximately 0.10 nmol/L active 
platelet PAT was specifically neutralized by 15.5 nmol/L 
activated protein C and 147 nmol/L protein S over a period 
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of 1 hour (Fig 3). In a whole blood clot lysis system de Fouw 
et al induced half maximal clot lysis in one hour at 
activated protein C concentrations of 15.5 nmol/L, provided 
endogenous protein S was present. If their results are due to 
neutralization of PAI released by physiologic platelet con- 
centrations, this would provide evidence for a physiologic role 
of the anti-PAl activity of activated protein C. In vivo, 
sustained generation of activated protein C might thus 
contribute to the regulation of PAI activity. The clinical 
consequence of this is that patients with deficiencies of 
protein C and/or protein S might respond subnormally to a 
prothrombotic stimulus both during the phase of thrombin 
formation and fibrin dissolution. 

The biochemical mechanism of PAI neutralization by 
activated protein C remains to be elucidated. Complex 
formation between the enzyme and the PAI has been 
reported by Sakata et al,’ but not confirmed by van Hins- 
bergh et al,* who suggested proteolytic cleavage of the PAI as 
an alternative explanation. Our results confirm that the 
active site of activated protein C is needed for neutralization 
of PAI activity and suggest no significant effect of the 
enzyme plus or minus its cofactors on the equilibrium of the 
urokinase-PAI complex (Fig 4). Although the similarity 
observed in the requirements of the PAT neutralizing system 
and the factor Va neutralizing system are very suggestive of 
a catalytic action of activated protein C on PAI, only studies 
with entirely purified components will allow final conclu- 
sions. 
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Characterization of a Monoclonal Antibody Having Selective Reactivity 
With Normal and Neoplastic Plasma Cells 


By Alex W. Tong, Jennifer C. Lee, and Marvin J. Stone 


A myeloma cell-reactive monoclonal antibody (MoAb), 
MM4, was generated from BALB/c mice immunized with 
alternate injections of cells from two human multiple 
myeloma (MM) ceil lines. Screening by the enzyme-linked 
immunosorbent assay (ELISA) technique showed that MM4 
reacted with human MM cell lines (7 of 7 positive), as well 
as bone marrow aspirates from MM patients (4 of 4 cases 
positive). MM4 did not react with marrow aspirates from 
control patients (3 cases), or with peripheral blood mono- 
nuclear (PBM) cells from normal subjects, lymphocytic (12 
cases) and myelogenous (8 cases) leukemia patients. In 
addition, MM4 was negative with polymorphonuciear leu- 
kocytes and RBCs from normal donors. By means of the 
immunoperoxidase technique, the MM4-reactive antigen 
was detected in paraffin-embedded, Zenker formalin-fixed 
bone marrow biopsies of MM (12 of 12 cases positive), 


ULTIPLE MYELOMA (MM) is a malignant lym- 
phoproliferative disorder of B cells at their terminal 
stage of differentiation. The etiology of this disorder is poorly 
understood.'* The wide spectrum of clinical manifestations 
of MM is the result of uncontrolled clonal proliferation of the 
myeloma cell.” However, antigenic specificity of the malig- 
nant clone is generally difficult to establish.** It is also 
unclear why certain patients with plasma cell dyscrasias 
(PCDs) progress to malignant myeloma, whereas others 
remain in a stable nonprogressive state (benign monoclonal 
gammopathy).** Since alkylating agents became available 
for therapy 20 years ago, the prognosis for overt MM has not 
improved substantially. 4 
Through hybridoma technology, phenotypic studies of 
tumor cell types have contributed to a better understanding 
of certain hematologic malignancies.” Characterization of 
tumor- or differentiation-antigen expression in leukemias 
and lymphomas has proven valuable for tumor diagnosis, 
classification, and prognosis.”'® This approach also has pro- 
vided the basis for tumor cell-specific targeting in immuno- 
therapy trials.'' By comparison, the immunologic phenotype 
of the myeloma cell is incompletely understood. The 
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Waldenstrom‘s macroglobulinemia (2 of 2 cases positive). 
asymptomatic plasma cell dyscrasia (4 of 4 cases positive), 
and certain lymphomas (2 of 5 cases positive). Marrow 
biopsies from lymphocytic (5 cases) and myelogenous (5 
cases) leukemias were uniformly negative. The MM4- 
reactive antigen also was expressed on plasma cells gener- 
ated from pokeweed mitogen (PWM)-stimulated normal 
PBM cultures. The pattern of reactivity of MM4 with 
lymphocytes of B origin was similar to that of the plasma 
cell MoAb PCA-1. Competitive binding studies showed. 
however, that these two MoAbs recognized distinct anti- 
genic determinants. These observations suggest that MM4 
may be useful for the study of human plasma ceil dyscra- 
sias. 

© 1987 by Grune & Stratton, Inc. 


myeloma cell and its normal counterpart, the plasma cell, 
lack such common B cell antigens as surface immunoglobu- 
lins, la, or complement receptors.''°'* B cell differentiation 
antigens such as B1, B2, B4, and B5 are also absent. °t 
Pronounced heterogeneity at the cellular and ultrastructural! 
levels are common in MM.?° 

In an attempt to characterize antigens on the myeloma cell 
better, we produced a monoclona! antibody (MoAb), MM4, 
that recognizes a commonly expressed antigen on human 
MM cell lines. MM4 also reacts with myeloma cells in bone 
marrow of patients with various forms of PCD, but not with 
peripheral blood mononuclear (PBM) cells, polymorphonu- 
clear neutrophils (PMN), RBCs, or bone marrow (BM) cells 
from normal subjects and contro! patients. The selective 
reactivity of MM4 makes it potentially useful for the further 
study of human PCD. 


MATERIALS AND METHODS 


Cell lines and monoclonal antibodies. The plasma cell lines GM 
1312, GM 1500, and GM 1311 were obtained from the NIGMS 
Human Genetic Mutant Cell Repository, Institute of Medical 
Research, Camden, NJ. RPMI 8226, ARH-77, HS-Sultan, and the 
colon carcinoma cell line WiDr were obtained from the American 
Type Culture Collection, Rockville, MD. LICR/LON was kindly 
provided by Dr Denis Burger, VA Medical Center, Portland, OR. 

The plasma cell-reactive antibody PCA-1 and peripheral blood B 
cell antibody BI were obtained from Coulter Diagnostics, Hialeah, 
FL. OKT3, which identifies peripheral T lymphocytes, and the 
precursor /activated T cell MoAb OKT 10 were obtained from Ortho 
Diagnostics Systems, Raritan, NJ. MoAbs to the pre-B cell antigen 
common acute lymphoblastic leukemia antigen (CALLA) and the 
la (HLA-DR-related Ia-like) antigen were purchased from Hybri- 
tech, La Jolla, CA. Anti-human immunoglobulin « and A light chain 
antibodies were products of Bethesda Research Laboratory, MD. 
Antibodies to human immunoglobulin (anti-[g; heavy and light 
chain specific) were obtained from Kallestad Laboratories, Austin, 
TX. 

Patient blood and BM specimens. Human PBM cells and BM 
samples from patients with hematologic malignancies or normal 


Blood, Vol 69, No 1 (January), 1987: pp 238-245 


MONOCLONAL ANTIBODY TO HUMAN PLASMA CELLS 


controls were procured according to the protocol approved by the 
Institutional Review Board for Human Protection, Baylor Univer- 
sity Medical Center (BUMC). 

Patients with hematologic malignancies were diagnosed and clas- 
sified independently by the clinical staff, Department of Oncology, 
Charles A. Sammons Cancer Center, BUMC. Sections of paraffin- 
embedded BM biopsies from these patients were obtained from the 
Department of Pathology, BUMC, after routine histopathological 
evaluation of the specimens. Immunologic phenotyping studies on 
leukemic patient PBM celis by immunofluorescence were performed 
independently by the Diagnostic Immunology Laboratory, BUMC, 
as described previously.'* 

Production of MoAbs. MM4 was generated by an alternate 
immunization protocol.'*'’ BALB/c mice were sensitized with four 
weekly injections of | x 10’ live cells, alternating with cells from the 
RPMI 8226 and GM 1312 human MM cell lines. Two booster 
injections were then given three days apart, alternating with cells 
from the two cell lines. Somatic hybridization of the sensitized 
splenocytes with SP2/0-Agi4 myeloma cells (1:1, splenocyte/ 
myeloma cells) was performed 3 days after the last injection, using 
50% polyethylene glycol and 5% dimethyl sulfoxide according to the 
method of Oi and Herzenberg.'*” 

Fusion products were cultured in hypoxanthine:aminopterine:thy- 
midine (HAT) and IMDM (Iscove’s modified Dulbecco’s medium, 
GIBCO, Grand Island, NY):15% fetal calf serum (FCS, GIBCO) at 
37°C in 5% COx95% air. One hundred microliters of the cell 
suspension were dispensed into each well of five 96-well microtiter 
plates containing syngeneic thymocytes as “filler cells” (10° to each 
well). Supernatant fluids from confluent cultures were screened by 
ELISA for antibody activity against MM cell lines (RPMI 8226, 
GM 1312) and PBM cells from normal donors. Hybridomas with 
desirable reactivity were transferred to 24-well plates, grown to 
confluence (3 to 5 days) and then cloned twice by limiting dilution. 
Selected hybrid clones were carried in vivo by injecting 2 x 10’ cells 
intraperitoneally (IP) in Pristane (Aldrich Chemicals, Milwaukee)- 
primed BALB/c mice." 

Ascitic fluids were harvested 7 to 10 days after induction. MM4 
was partially purified by precipitation with saturated ammonium 
sulfate solution and adjusted to a concentration of 10 mg/mL." 

Peripheral blood cell separation. Fractionation of peripheral 
blood cells was carried out as described previously. RBCs were 
obtained by dextran (6%; mol wt > 250,000) sedimentation (37 °C 
for 30 minutes) of heparinized whole blood. The leukocvte-rich 
fraction was resuspended to original volume with RPMI 1640 
(GIBCO) and separated into PBM and PMN fractions by centrifu- 
gation with Hypaque-Ficoll (Pharmacia Fine Chemicals, Piscata- 
way, NJ). 

Enzyme-linked immunosorbent assay. An enzyme-linked im- 
munosorbent assay (ELISA) technique with intact target cells was 
used for antibody screening, as described previously.'® Incubation 
with the primary antibody was carried out at 37 °C for 60 minutes, 
followed by a peroxidase-conjugated secondary antibody (37 °C for 
60 minutes; peroxidase-conjugated goat anti-mouse IgG + IgM, 
1:3,000: TAGO, Burlingame, CA) with washings in between. The 
MoAb reactivity was determined as a function of enzyme reaction to 
the substrate o-phenylenediamine (37 °C for 30 minutes; Sigma, St 
Louis), measured by absorbance at 492 nm (Titertek Multiskan 
MC, Flow Laboratories, McLean, VA). Reactions of >0.1 OD U 
above background were considered positive. 

Antibody isotyping. Subclass-specific rabbit anti-mouse immu- 
noglobulins (Mouse Immunoglobulins Subtype Identification Kit, 
Boehringer Mannheim Biochemicals, Indianapolis) were used in an 
ELISA assay." 


Immunoperoxidase staining protocol. Zenker formalin-fixed, 
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paraffin-embedded BM biopsy sections were deparaffinized over- 
night, rehydrated, and treated with Lugol’s iodine and 5% sodium 
thiosulfate.” The sections were washed in distilled water, then 
treated with 1% H,O, in absolute methanol and normal horse serum. 
Immunoperoxidase staining involved 60-minute incubations at room 
temperature with the primary antibody, then secondary antibody 
(biotinylated horse anti-mouse IgG), followed by the enzyme avidin 
biotin-conjugated horseradish peroxidase (Vectastain ABC kit; Vee- 
tor Laboratories, Burlingame, CA) and substrate (0.02% 3-amino- 
9-ethylcarbazole:0.03% H,0,:5% N,N-dimethylformamide), as 
described previously. Sections were counterstained with 0.125% 
methylene blue. Reactivity in each case was determined by light 
microscopy, In comparison with a section treated with the negative 
control MoAb SCLC 1096 that was generated against human small 
cell lung carcinoma.*! According to the frequency of reactive cells, 
reactivity with MoAb was graded as: ~, no difference from back- 
ground as compared with negative control; +, 5% to 10% of 
nucleated cells positive; + +, 10% to 20% of nucleated cells positive; 
and +++, >20% reactive cells. 

Colony growth assay. The stem cell colony growth assay for the 
human myeloma cell line RPMI 8226 was performed as described 
previously.'° One hundred microliters of MM4 were incubated with 
1 x 10° cells for one hour at room temperature. MoAb-treated cells 
in duplicate were distributed onto a six-well cuture plate (Falcon, 
Oxnard, CA) in 0.3% agar: IMDM:15% FCS and placed in 37 °C 
incubator. The number of colonies (with > 50 cells) was enumerated 
under low magnification after 7 days. The percentage of growth 
inhibition was determined by comparing MM4-treated cultures with 
those treated with the same concentration of an irrelevant MoAb 
SCLC 1096. 

Proteolysis of RPMI 8226 celis. RPMI 8226 cells were washed 
twice and resuspended in IMDM at 1 x 10’ cells/mL. Thirty-five 
microliters of pronase (Boehringer Mannheim) at 10 mg/mL. were 
incubated with 700 uL of cell suspension at room temperature for | 
hour.’ The reaction was terminated by washing twice with 
IMDM:15% FCS at 4 °C. 

Biochemical characterization of MM4-reactive antigen. Cells 
from the RPMI 8226 cell line (2 x 10’) were incubated with 0.2 
mCi *°S-methionine (New England Nuclear, Boston) in methionine- 
free media (RPMI 1640 Select-Amine kit, GIBCO) and 5% FCS for 
four hours.” The labeled cells were washed twice in RPMI 1640 at 
4 °C, resuspended in 2 mL of 0.5% NP40 (Sigma), 0.01 mol/L of 
Tris-HCl, pH 7.6, containing 1 mmol/L of phenylmethyisulfony! 
fluoride (Calbiochem, La Jolla, CA) and 0.02% sodium azide, and 
kept on ice for 60 minutes. The cell lysate was cleared by centrifuga- 
tion (10,000 g for 15 minutes), then snap-frozen at ~70°C until 
use. 

Extraction of the “S-labeled MM4-reactive antigenic deter- 
minant was performed using MM4 conjugated to CNBr-activated 
Sepharose 4B (Pharmacia).” Cell lysates were passed through the 
MM4-Sepharose or IgG-Sepharose columns (~50,000 cpm) at a 
flow rate of 0.1 mL/min. The columns were washed with 10x vol of 
detergent lysate buffer. The antigen-bound gels were removed from 
the column, suspended in sample buffer (0.001 mol/L of EDTA, 1% 
sodium dodecyl! sulfate, 5% 2 mercaptoethanol) and boiled at 100 °C 
for four minutes. Ten-microliter samples were introduced onto a 4% 
to 30% gradient slab gel (PAA 4/30, Pharmacia) side by side with 
radiolabeled markers of known mol wt (Pharmacia). Electrophoresis 
was carried out in Tris/acetate buffer (0.04 mol/L of Tris, 0.02 
mol/L of CH,COONa, 0.002 mol/L of EDTA, 0.2% SDS, pH 7.4) 
for two hours at 125 V, constant current (gel electrophoresis 
apparatus GE-4, Pharmacia). The gel was developed using Enlight- 
ening (New England Nuclear), dried, and then analyzed by autora- 
diography at - 70°C. The mol wt of the reactive determinant was 
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calculated by linear regression analysis as a function of its migration 
distance (Rf) in relationship to radiolabeled known mol wt mark- 
ers. 

Mitogen-stimulated cell cultures. ypaque-Ficoll-separated 
PBM cells were suspended in RPMI 1640/10% FCS at 1 x 10°/mL. 
One milliliter of the cell suspension was incubated with PWM (final 
dilution 1:50, vol/vol; GIBCO) in 17 x 100-mm polystyrene culture 
tubes (American Scientific Products) for the indicated time peri- 
od 121? 

immunoperoxidase reactivity of PWM-stimulated PBM cell cul- 
tures was determined using Saccomanno fixative (50% ethanol /2% 
polyethylene glycol)-treated cells deposited on slides (5 x 10° cells 
to each slide) by cytospin centrifugation (Shandon Southern, 
Sewickley, PA).” Alternatively, MoAb reactivity was evaluated 
using the ELISA assay as described above. 

Competitive binding assay. A radioimmunoassay was developed 
to compare MM cell binding by MM4 and PCA-1 (Coulter Immu- 
nology, Hialeah, FL). Diethylaminoethanol (DEAE)-chromatogra- 
phy-purified MM4 was labeled with carrier-free ‘Iodine (New 
England Nuclear) by the lactoperoxidase method.** The radiola- 
beled MoAb was separated from free iodine by being passed over a 
Dowex column (Dupont Chemicals, Boston),”* dialyzed repeatedly 
in phosphate-buffered saline (PBS) and adjusted to a final protein 
concentration of 1 mg/mL according to absorbance at 280 nm. 
'251_.MM4 retained >90% of the reactivity of unlabeled MM4, as 
determined by ELISA. 

Competitive binding with '*I-MM4 by unlabeled MM4, PCA-1, 
or the negative control normal mouse IgG was determined using a 
microtiter plate containing 5 x 10* attached RMPI 8226 cells to 
each well (as described in ELISA). Fifty microliters of unlabeled 
MM4, PCA-1, or normal mouse IgG (Cooper Biomedical, Malvern, 
PA) at molar ratios from 100:1 to 0.1:1 (unlabeled antibody/ 
'257_M{M4) were added in triplicate (37 °C for 60 minutes). Target 
cells then were incubated with '*I-MM4 (50 ul per well at 37 °C for 
60 minutes) after being washed three times with PBS. '“I-MM4 
bound to each well was determined in an auto-y scintillation 
spectrometer (Packard, Laguna Hills, CA) after the plate was 
washed five times with PBS. Optimal binding of '°I-MM4 (cpm,,,,) 
was determined with RPMI 8226 cells that were not treated with 
unlabeled antibody, and compared with binding with unlabeled 
antibody-pretreated target cells (CPMyeatea)» CPI Mbackground WAS estab- 
lished by determining '*I-MM4 binding of normal peripheral blood 
PBM. The percentage of inhibition of '°I-MM4 binding was calcu- 
lated by the formula: 


CPM treated T CPM ackground 


CPM mar 7 CPM yackground 


| — x 100% 


RESULTS 


Production of MoAb MM4. BALB/c mice were sensi- 
tized with alternate injections of cells from two MM cell 
lines, RPMI 8226 and GM 1312. This alternate immuniza- 
tion approach previously has been shown to enhance the 
generation of tumor-reactive hybridomas in a different 
human tumor system. '® 

More than 90% of wells developed hybrid clones within 
seven days of fusion. Supernatant fluids from 52% of these 
wells demonstrated reactivity with at least one of the two 
immunizing MM cell lines. Initial screening by ELISA 
showed that 15 wells contained clones reactive with both 
RPMI 8226 and GM 1312 cells, but not with normal PBM 
cells. These hybridomas were tested with other MM cell lines 
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and normal PBM cells. Hybridomas containing the desired 
reactivity were cloned twice by limiting dilution, then carried 
in mice peritoneally to generate antibody-rich ascitic fluids. 

MoAb screening. To ensure that the MoAb of interest 
reacted with an antigen commonly expressed in MM, hybrid- 
omas were tested with seven different cell lines derived from 
peripheral blood (RPMI 8226, GM 1312, LICR/LON, 
ARH-77, and GM 1500), BM (GM1311), or plasmacytoma 
(HS-Sultan) of MM patients. These cell lines expressed 
either IgG k or A M-components (Table 1), with two of the 
seven lines (ARH-77, GM 1500) expressing Epstein-Barr 
virus nuclear antigen (EBNA).*”’ The hybrid clone MM4 
reacted with all seven MM-derived cell lines tested, as 
determined by ELISA (Table 1). By comparison, the previ- 
ously described plasma cell MoAb PCA-1" was positive with 
four of six cell lines tested. 

MM4 did not react with PBM cells, RBCs, or PMNs from 
normal control subjects. The pooled ascitic fluid containing 
MM4 retained its selective reactivity at a dilution of 1/ 
10,000. Subsequent studies were performed with ascites- 
derived MM4 that was partially purified by precipitation 
with a 50% (vol/vol) saturated ammonium sulfate solution. 

The MM4-reactive antigen was expressed in BM aspirates 
from MM patients (4 cases), but was not detected in those 
from control subjects (normal donor, | case; colon carcinoma 
with no marrow involvement, | case). In addition, MM4 was 
unreactive with chronic myelogenous leukemia (CML) mar- 
row (1 case). The plasma cell MoAb PCA-1I was similarly 
unreactive with normal PBM (0 of 7 cases positive) and 
control BM (0 of 2 cases positive), but reacted with BM from 
CML (1 of | case positive) as well as MM patients (4 of 4 
cases positive). 

Reactivity of MM4 with PBMs from patients with leuke- 
mia. Reactivity of MM4 also was examined using PBM 
cells from patients with lymphocytic or myelogenous leuke- 
mia. Their immunological phenotypes were defined by 
MoAbs to OKT3, OKTIO, slg, B1. Ia, and CALLA. MM4 
was uniformly unreactive with PBM cells of chronic or acute 
myelogenous leukemias (Table 2). The antibody was also 
negative with T acute lymphocytic leukemia, as well as B 
leukemias that correspond to B cells at various stages of 
maturation. The latter included null cell, pre-B, and B acute 


Table 1. Monoclonal Antibody Reactivity With 
Human Plasma Cell Cell Lines 





ELISA Reactivity (OD U)* 


Celi Line M Component MM4 PCA-1 
RPMI 8226 igGar 0.689 0.713 
GM 1312 igGx 1.038 0.103 
LICR/LON igG« 0.854 NT 
ARH-77 igG« 1.049 0.091 
HS-Sultan igGx 0.893 0.144 
GM 1500 igGx 0.455 0.115 
GM 1311 igG« 0.462 0.002 
No. positive/no. tested 7/7 4/6 





NT, not tested. 
*Determined by enzyme-linked immunosorbent assay (ELISA); OD 
values of =0.1 over background were considered positive. 


MONOCLONAL ANTIBODY TO HUMAN PLASMA CELLS 241 


Tabie 2. Myeloma Antibody Reactivity with Peripheral Blood From Patients With Leukemia 











Antibody 
No. Positive/No. of Patients Tested} Reactivity} — eos 
Diagnosis* T3 T10 ig B1 la CALLA MM4 PCA-1 
Acute leukemia 
Lymphoblastic 
Nuli WZ 2/2 1/2 0/2 0/2 0/2 ~ NT 
preB 2/2 2/2 1/2 2/2 1/2 2/2 = NT 
B 1/2 1/2 1/2 2/2 1/2 1/2 a ~= 
T 1/1 4/1 1/1 1/1 0/1 0/1 oa NT 
Myelogenous 6/6 3/6 6/6 6/6 0/6 0/6 ~ + 
Chronic leukemia 
Lymphocytic, B 5/5 3/5 5/5 5/5 4/5 2/5 ~ ~~ 
Myelogenous 2/2 2/2 1/2 1/2 0/2 1/2 va fe 





CALLA, common acute lymphoblastic leukemia antigen. NT, not tested. 

* Diagnosed independently according to clinical and laboratory findings. 

tDetermined by the Diagnostic Immunology Laboratory, BUMC: positive response represents 215% Ab-reactive cells as determined by indirect 
immunofluorescence. 

{Determined by enzyme-linked immunosorbent assay; OD values of 20.1 over background were considered positive. 


leukemias, and B cell chronic lymphocytic leukemia (Table described. MM4 reacted with 12 of 12 MM BMs, and was 


2). By comparison, PCA-1 was also negative with chronic equally reactive with marrow biopsies from patients with 
and acute B cell leukemias, but did react with myelogenous macroglobulinemia (2 of 2 cases positive) or asymptomatic 
leukemia cells. PCD (4 of 4 cases positive). Reactive plasmacytes showed 
Immunoperoxidase reactivity of MM4 with BMs from Staining in the plasma membrane and cytoplasm. Nuclear 
patients with plasma cell dyscrasias. To delineate further staining was not observed. 
the reactivity of MM4 among PCD, we examined its immu- To establish the mean frequency of MM4-reactive plasma 
noperoxidase reactivity with Zenker formalin-fixed, paraf- cells within each PCD patient group, the percentage of 
fin-embedded BM biopsies from patients with MM, Walden- MM4-reactive cells was compared with the frequency of 
strém’s macroglobulinemia, or asymptomatic PCD (Table plasma cells for each marrow biopsy. Of the 12 cases of MM 
3). The criteria for the diagnosis of MM were as previously examined containing 20% to 95% of plasma cells 


Table 3. immunoperoxidase Reactivity of Bone Marrow Biopsies From Patients With Plasma Cell Dyscrasias 


PE enn at n 


immunoperoxidase 
Reactivity* 
Diagnosis Case No. Cellularity (%) PC (%) MM4 PCA-? 
Muitiple myeloma 1 40 75 + + + + 
2 90 50 ++ 4- 
3 50 30 + + + 
4 100 95 +f + se aie a 
5 30 55 + + + 
6 30 90 +++ +f 
7 60 80 + + 
8 80 40 + + + + 
9 50 40 +++ +e 
10 50 80 +++ t+ 
11 60 20 + + + NT 
12 25 40 + + 
Waldenstrom’s 13 100 50+ + + “+ + 
macroglobulinemia 14 75 55+ + + 
Asymptomatic plasma 
cell dyscrasia 15 35 10 + — 
16 20 15 + + + + 
17 70 20 + + + 
18 75 20 +++ Ho oe 


Ne RAR ema Mb hint cbsch anne, 


PC, plasma cells: NT, not tested. 

* immunoperoxidase reactivity was determined by the biotin-avidin complex reaction; the reactivity with each antibody was graded in comparison with 
that of a negative control antibody. The criteria used were as follows: —, no observable difference from contro! treated section; +, 8% to 10% of 
reactive nucleated cells; + +, 10% to 20% of reactive nucleated cells: and + + +, >20% reactive nucleated cells. 

tMajority plasmacytoid lymphocytes. 
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(57.9% + 25%), 69.4% of plasma cells reacted with MM4, 
whereas 68.0% reacted with PCA-1. Similarly, 76.8% of the 
plasma cells in the asymptomatic PCD patient group reacted 
with MM4 (4 cases, percentage of PC = 16.3 + 4.8), and 
55.2% reacted with PCA-1. The two macroglobulinemia 
patients (mean percentage of plasmacytoid lymphocytes, 
52.5%) contained 33% MM4-reactive and 22.8% PCA- 
l -reactive cells. 

Immunoperoxidase reactivity of MM4 with BM biopsies 
from patients with leukemia and lymphoma. As compared 
with PCD marrow, MM4 reacted poorly with biopsies from 
leukemia patients. We observed no reactivity with chronic 
lymphocytic (2 cases) or myelogenous (1 case) leukemias. 
MM4 also was unreactive with acute lymphoblastic (3 cases) 
or myelogenous (4 cases) leukemias, whereas PCA-1! reacted 
with 2 cases from the latter group. 

Both MM4 and PCA-1 were tested with bone marrows 
from patients with nodular (2 cases) and diffuse (3 cases) 
lymphocytic lymphomas. MM4 reacted with 2 of 3 cases of 
diffuse lymphocytic lymphomas (poorly differentiated lym- 
phoma, | case; undifferentiated non-Burkitt lymphoma, | 
case). The same cases were positive with PCA-1, which, in 
addition, reacted with 1 of 2 cases of nodular poorly differen- 
tiated lymphocytic lymphoma tested. These observations 
indicate that the MM4-reactive antigen was expressed pref- 
erentially in PCDs and certain lymphomas. 

MM4 reactivity with PWM-stimulated PBMs. Previous 
studies have shown that PWM induces differentiation of B 
cells to plasmacytes in vitro.'*!*'° To define expression of the 
MM 4-reactive antigen in normal plasma cells, we examined 
its reactivity with PWM-stimulated normal cell cultures. 
Two other plasma cell-reactive MoAbs, OKT10 and PCA-1, 
together with the B cell MoAb B1 and anti-Ig light chain 
reagents (anti-x + A) were used for phenotyping of the cell 
cultures examined. 

PWM cultures at days 0 and 4 expressed B1 (20% to 14%, 
respectively) and surface immunoglobulins (14% to 8%, 
respectively), as determined by the immunoperoxidase reac- 
tion with cytospin cell preparations (Table 4). These cells 
were minimally reactive with PCA-1, OKT10, or MM4. 
Bl-positive cells, which included B cells from pre-B to 
mature presecretory stages of maturation, were significantly 
decreased at days 7 and 10. By contrast, these cultures from 
days 7 and 10 contained 10.8% to 22.5%, respectively, of 
MM4-+ cells, and reacted also with PCA-1 (9.5% to 7.2%, 
respectively) and OKTIO (21.5% to 6.5%, respectively). 
Anti- + À reagents reacted with 19.4% to 25.5% of cells 
from day 7 and day 10 cultures. The reactive cells demon- 
strated pronounced cytoplasmic staining, as opposed to mem- 
brane-positive cells observed in day 0 and day 4 cultures. 
Morphologically, both MM4+ and PCA-1 + cells resembled 
plasma cells. Most contained eccentric nuclei and well- 
developed endoplasmic reticulum. 

Competitive binding with '*I-MM4. The pattern of 
reactivity of MM4 appeared to be similar to that of PCA-1, 
with the exception that MM4 did not react with normal or 
malignant granulocytes. A competitive binding assay was 
developed to determine whether these two MoAbs reacted 
with related antigenic determinants. '*1-MM4 binding was 
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Table 4. Antibody Reactivity With Pokeweed 
Mitogen-Stimulated Normal Peripheral Blood Mononuclear Cells 








Reactive Celis (%)+ 





Days in TEN L E ee, 
Cuiture* 81 x +A PCA-1 TIO MM4 
0 20.9 14.3 1.7 0.4 0.9 
4 14.2 8.2 0.7 0.3 1 
7 5.9 19.4 9.5 21.5 10.8 
10 2.9 25.5 7.2 6.5 22.5 


meniu ma w RA AAA an a arannana avrei eA a etter eft a 


*Peripheral blood mononuclear cells at 1 x 10°/ml. with pokeweed 
mitogen at 1:50 (final dilution). 

+Determined by immunoperoxidase reaction with cytospin cell prepa- 
rations. Value represents number of positive cells in each 300 cells, 
duplicate determinations. Mean of two experiments is shown. Range of 
vaiues was <25% of mean. 

¢Comprised anti-human x light chain antibody mixed with anti-human 
A light chain antibody. 


tested with RPMI 8226 cells that were preincubated with 
unlabeled PCA-1, MM4, or normal mouse IgG. As com- 
pared with untreated target cells. preincubation with unla- 
beled MM4 resulted in 25% to 82% inhibition of '*I-MM4 
binding, over a molar ratio (unlabeled: labeled MM4) range 
of 0.1:1 to 100:1 (Fig 1). These observations showed the 
capability of this assay in detecting antigen-specific competi- 
tive binding. Inhibition by MM4 was directly related to 
concentration of the preincubating antibody (regression 
analysis, r = .97, F = 98.3, P = 000006). By contrast, prein- 
cubation with PCA-I or normal mouse IgG did not signifi- 
cantly affect '°I-MM4 binding (PCA-l: r = ~0.29, F = 
0.47, P = .52) within the same molar ratio range of 0.1:1 to 
50:1. The lack of competitive binding by PCA-! suggests 
that MM4 and PCA-1 recognize distinct antigenic determi- 
nants. 

Immunochemical characterization of MM4 and its anti- 
gen. MM4 was of the IgGI, « isotype, as determined by the 
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Fig 1. Competitive binding with ‘°I-MM4. '9-MM4 binding 
with RPMI 8226 cells was determined by a radioimmunoassay 
after pretreatment of the target cells with MM4 {@}. PCA-1 (A), or 
normal mouse IgG (i) at the indicated molar ratio concentration 
(unlabeled antibody: '7°I-MM4). 
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ELISA assay using anti-mouse subclass-specific secondary 
antibodies. 

The MM4-reactive antigen was protein in nature, as 
demonstrated by enzyme digestion studies. Treatment of the 
RPMI 8226 myeloma cells with pronase resulted in a loss of 
>95% MM4 reactivity as compared with untreated cells. 
Similarly, trypsin or chymotrypsin incubation resulted in 
63% and 86% loss of reactivity, respectively. The reactive 
antigen on intrinsically **S-methionine-labeled RPMI 8226 
was extracted by immunoprecipitation and analyzed using 
SDS-PAGE. Under reducing conditions, MM4 reacted with 
an antigenic determinant of ~39,000 to 40,000 mol wt (Fig 
2). 

Effect of MM4 on myeloma cell proliferation in vitro. 
To investigate the biological effect of MM4 binding, clonog- 
enic stem cell growth of the MM cell line RPMI 8226 was 
examined after incubation with MM4. 

Preincubation with MM4 resulted in a significant 
decrease in the number of myeloma cell colonies in day 7 
cultures (Table 5). Exposure to MM4 at 1.0 mg/mL resulted 
in 75% to 90% reduction. This effect appeared to be dose- 
dependent, with a 50% reduction of colony formation after 
exposure to 0.01 to 0.001 mg/mL of MM4. MM4 did not 
inhibit colony formation of a nonreactive colon carcinoma 
cell line WiDr. Similarly, neither cell line was significantly 
affected by incubation with an irrelevant control MoAb 
small cell lung carcinoma 1096 (SCLC 1096) over the same 
antibody concentrations (data not shown), suggesting that 
inhibition of myeloma stem cell colony formation was 
directly related to specific binding of MM4. 


DISCUSSION 


This report describes the immunologic properties of a 
human myeloma cell-reactive MoAb, MM4, generated by an 
alternate immunization technique. This approach has been 
used previously in this laboratory to generate MoAbs to 
human SCLC tumor antigens.'® The alternate exposure of 
BALB/c mice to cells from two different SCLC cell lines 
promoted reactivity to antigens expressed in both immuniz- 


94K - 
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20K - 
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Fig 2. Analysis of MM4-reactive determinants by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). 
Reactive antigens derived from “S-methionine—labeled cell lysates 
were extracted by immunoprecipitation with MM4-Sepharose 4B. 
Lanes A through C, immunoprecipitate with MM4; lanes D and E, 
immunoprecipitate with normal mouse IgG. Arrow indicates MM4- 
reactive determinant of 39 to 40 kd. 
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Table 5. Inhibition of Colony Growth by Plasma Cell—Reactive 


Monoclonal Antibody MM4 
dine Inhibition (%)* 

Concentration (mg/mL) RPMI 8226+ WiDrt 

1.0 81.4 + 6.2 7.0 

0.1 55 + 18.5 0 

0.01 48.9 + 11.4 0 

0.001 40.5 + 20.9 1 

0.0001 28 + 17.0 0 

0.00001 16 + 9.0 4 


*Cells 1 x 10° were treated with 100 ul of MM4 antibody at room 
temperature prior to culture. Growth inhibition was determined at day 7. 

tMyeloma cell line; value represents mean + SD of three experi- 
ments. 

Colon adenocarcinoma cell line; value represents mean of two 
experiments. 


ing cell lines and apparently facilitated MoAb production 
against commonly expressed SCLC tumor antigens. We 
used the same rationale to produce MM-reactive MoAbs. To 
promote humoral immunity toward commonly expressed 
myeloma-associated antigens that were distinct from immu- 
noglobulin or EBNA determinants, two MM-derived cell 
lines with different immunological properties were selected 
for immunization. RPMI 8226 was an IgG, A light chain- 
secreting cell line,” whereas GM 1312 was derived from a 
IgG, x myeloma.” As is characteristic of myeloma-derived 
lines, both cell lines were morphologically pleomorphic, 
comprising cells with lymphoblastoid as well as plasmacytoid 
features.’ Most RPMI 8226 cells resembled immature 
plasma cells by electron microscopy,” and reacted with the 
plasma cell antibody PCA-1.'* By comparison, GM 1312 
cells in culture were less well differentiated morphologically, 
were unreactive with OKT10,*' and only weakly reactive 
with PCA-1. Approximately 38% of GM 1312 cells in 
culture expressed only cytoplasmic lg, a feature consistent 
with plasmacytoid differentiation.” Unlike RPMI 8226, this 
cell line expressed EBNA determinants.” 

Based on reactivity with MM-derived cell lines, it was 
evident that the MM4-reactive antigen was not related to 
viral antigen or immunoglobulin light chain components. 
MM4 reacted with all seven cell lines tested, which com- 
prised both IgG, x and à myeloma-derived cell lines that were 
either EBNA positive or negative. Furthermore, the MM4- 
antigen was not expressed on normal peripheral blood cells, 
as shown by negative MM4 reactions with PBM cells, RBCs, 
or PMN leukocytes. 

Among malignancies of B lineage, null cell, pre-B and B 
acute leukemias, and B cell chronic lymphocytic leukemia 
corresponded phenotypically to transformed B lymphocytes 
at different stages of maturation.” The demonstrated lack 
of reactivity with MM4 suggested that this antibody did not 
recognize the various common B antigens displayed by these 
cell types, such as receptors to C3, HLA class I or II 
framework antigens, surface Ig, or previously described B 
differentiation antigens, including CALLA, B1, B2, B4, and 
BS.’ 

Immunoperoxidase determinations with BM biopsies con- 
firmed the cell line studies showing that the MM4-reactive 


244 


antigen was commonly expressed on the plasma membrane 
and in the cytoplasm of myeloma cells. MM4 reacted with 
BM from MM and other PCDs, including Waldenstrém’s 
macroglobulinemia and asymptomatic PCD. A lack of MM4 
reactivity with PBM cells may reflect an absence of periph- 
eral blood involvement.*?**? 

Of the limited number of lymphoma cases examined, 
MM4 reacted only with diffuse lymphocytic lymphomas 
(two of three cases positive) of undifferentiated non-Burkitt, 
and poorly differentiated lymphocytic histology. The undif- 
ferentiated non-Burkitt tumor represents a pleomorphic 
small cell lymphoma that is phenotypically similar to trans- 
formed lymphoblastoid B cells.” Diffuse poorly differen- 
tiated lymphocytic lymphomas are related to midstage B 
cells, but commonly exhibit considerable heterogeneity with 
respect to cellular differentiation and phenotype.*'® Both 
MM.-4-~reactive lymphoma cases were also positive with 
PCA-1 and comprised pleomorphic cell populations with 
marked variations in cell size and nuclear contours. The 
MM4-reactive cells in each biopsy were plasmacytoid in 
appearance. Because of the small number of cases examined, 
it was unclear if these represented a terminally differentiated 
subset within the lymphoma cell population or infiltration 
with normal plasma cells. 

Like the differentiation antigens found on early or mature 
B cells, ™* the few plasma cell antigens described thus far 
have been detected on both normal and malignant cell types. 
The MoAb PC-1 described by Anderson and co-workers"? 
reacted with a 28-kd protein in normal and malignant 
plasma cells. Similarly, several plasma cell-reactive MoAbs 
described by Gonchoroff and co-workers” recognized anti- 
gens expressed on PCD marrow but not on B-CLL or normal 
PBM cells. Other MoAb-defined plasma cell antigens 
include the OKT10-reactive 45-kd glycoprotein found also 
on normal and activated T cells,” and the PCA-1 and PCA-2 
antigens, which were expressed also on activated T cells, 
granulocytes, and monocytes, but not on normal B or T 
cells.'* Similarly, the MM4-reactive antigen was expressed 
on plasmacytoid lymphocytes derived from PWM-stimu- 
lated cultures. Cells from these short-term cultures reacted 
poorly with BI at days 7 and 10 but were positive with MM4 
as well as with PCA-1 and OKT10. Thus, the MM4-reactive 
antigen apparently was expressed on terminally differen- 
tiated normal plasma cells as well as their malignant coun- 
terparts, although it was absent on unstimulated peripheral 
blood B lymphocytes. Preliminary studies in our laboratory 
have shown that MM4 reacts with cells from phytohemag- 
glutinin and concanavalin A-stimulated PBM cultures. 
Unlike antigens that are PCA-1 or OKTIO reactive, how- 
ever, the MM4-reactive antigen was not expressed on normal 
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T cells. The prevalence of plasma cell-associated antigens (as 
defined by OKT10, PCA-1, and PCA-2) on activated T cells 
is intriguing. Further experiments will be performed to 
establish the phenotype of the MM4-reactive cells in T cell 
mitogen cultures. 

Pleomorphism among the monoclonal myeloma cell popu- 
lation is a well-documented phenomenon.’ At the cellular 
level, heterogeneity can be defined by antigen expression,” '® 
cell ploidy,*>* cell growth kinetics” and susceptibility to 
chemotherapy.'°* Although the MM4-reactive antigen was 
clearly evident in all MM marrows examined, only a portion 
(69.4%) cf the total myeloma cells in each case expressed this 
antigen. The frequency of MM4-positive cells appeared to be 
similar among patients with MM and asymptomatic PCD. 
In contrast, marrow samples from macroglobulinemia 
patients contained a lower frequency of MM4-reactive cells 
(33%). This may reflect the smaller number of typical 
plasma cells in this patient population. The frequency of 
MM4-positive myeloma cells was similar to that of PCA- 
l-reactive cells in each patient group. Presently, it is not 
clear whether these two MoAbs recognize the same subset of 
myeloma cells. Although the twe MoAbs demonstrated a 
similar pattern of reactivity, competitive binding experi- 
ments suggest that they recognize distinct antigenic determi- 
nants. 

Expression of the MM4-reactive antigen on normal 
plasma cells, and in apparently equal proportions of MM and 
asymptomatic PCD cell populations, limits its usefulness as a 
marker for the diagnosis and classification of PCD. In vitro 
studies indicated, however, that MM4 binding can inhibit 
myeloma colony growth in vitro. Karp and colleagues showed 
that clonogenic colony-forming cells from MM marrow are 
closely related to kinetically active myeloma cells that prolif- 
erate in vivo.” A plasma cell MoAb such as MM4 that reacts 
with the stem cell subset thus may be potentially useful in the 
regulation of myeloma cell growth in vivo or for purging 
myeloma cells in autologous BM transplantation therapy of 
MM.’ The efficacy of MM4 in eradicating myeloma cells 
from BM is currently under investigation in this labora- 
tory.” 
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In Vitro Regulation of Human Hematopoiesis by Natural Killer Cells: 
Analysis at a Clonal Level 


By F. Herrmann, R.E. Schmidt, J. Ritz, and J.D. Griffin 


We studied the effects of a series of well-characterized 
clones of human natural killer (NK) cells on the proliferation 
of highly purified normal marrow hematopoietic progenitor 
cells. Individual NK clones suppressed granulocyte, mono- 
cyte, erythroid, or mixed colony formation in a heteroge- 
neous but clonally stable manner. Inhibition of colony 
growth required a period of close cell contact between NK 
cell and progenitor cell with maximum inhibition occurring 
after 8 to 18 hours of preincubation time. The mechanism 
of killing was at least partially humoral, however, as 


ROWING EVIDENCE shows that hematopoiesis both 
in vitro and in vivo can be modulated by certain 
“accessory” cells, including T cells, monocytes, and marrow 
stromal cells. Humoral factors released by these cells that 
either inhibit or promote proliferation of selected subpopula- 
tions of hematopoietic progenitor cells have been identified 
(reviewed in refs | and 2). Relatively little is known about 
direct cell-cell interactions between accessory cells and 
progenitor cells. In this regard, the possibility that natural 
killer (NK) cells may be involved in the regulation of 
hematopoiesis has been suggested both by in vivo studies of 
murine bone marrow transplantation and in vitro murine and 
human colony assays.*’ The evidence that NK cells may 
participate in the regulation of human hematopoiesis is 
indirect. Leukemic proliferations of cells with NK-like activ- 
ity have been reported in which anemia or neutropenia is a 
major component of the illness. Several studies have indi- 
cated that colony-forming progenitor cells are sensitive to 
NK-mediated inhibition to a variable extent," although in 
other studies no inhibition has been detected.'*'’ There have 
been conflicting reports on the sensitivity of various hemato- 
poietic progenitor cells to NK-cell-mediated lysis, how- 
ever, 5! and stimulation of certain progenitor cells has been 
reported. >. 
The reasons for the variability of results are uncertain, but 
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cell-free supernatants generated by NK clones “activated” 
by contact with a target cell also inhibited progenitor cell 
growth. One of the possible humoral mediators was identi- 
fied as ‘y-interferon by studies with specific neutralizing 
monoclonal antibodies. These results show that clonal NK 
lines can be further activated by coming in contact with 
hematopcietic progenitor cells, resulting in substantial 
inhibition of colony formation in vitro. 

e 1987 by Grune & Stratton, inc. 


possible contributory factors include heterogeneity of the 
NK cell population itself,'* differences in NK cell purifica- 
tion, different states of NK cell activation, and the variable 
presence of endogenous accessory marrow cells. In an effort 
to resolve some of the controversies over the effects of NK 
cells on in vitro human hematopoiesis, we studied the effects 
of a series of well-characterized clones of human NK cells on 
the proliferation of highly purified marrow colony-forming 
cells. These NK clones were selected to represent the various 
NK cell phenotypes present in normal peripheral blood. The 
results show that NK clones do not promote hematopoietic 
colony growth and that individual NK clones suppress sub- 
populations of progenitor cells in a heterogenous but clonally 
stable manner. 

Previous studies on the mechanism of NK ceil lysis have 
implicated both direct cell-cell mechanisms and release of a 
humoral cytotoxic factor, NKCF.'° We therefore investi- 
gated the mechanism of inhibition of CFU-GM by active 
NK clones. The generation of an inhibitory effect required 
cell-cell contact, and maximum inhibition was observed only 
after 8 to 18 hours preincubation time with the target 
population. The inhibitory activity of NK clones was at least 
partially mediated by a humoral factor, since similar effects 
were seen when cell-free supernatants generated by suppres- 
sive NK clones activated by contact with progenitor popula- 
tions were tested. We present evidence that NK-derived 
colony inhibitory activity (NKCIA) can be separated in part 
from NKCF, and finally that NKCIA can be partially, but 
not completely, inhibited by neutralizing monoclonal anti- 
bodies to interferon-y (IFN-7). 


MATERIALS AND METHODS 
Source of Human Cells 


Norma! peripheral bloed and normal bone marrow (NBM) were 
collected into sterile, preservative-free heparin. All normal donors 
were advised of attendant risks of the procedures and gave informed 
consent ia accordance with Institutional Review Board-approved 
procedures. The mononuclear cell fraction was separated by Ficoll- 
Hypaque gradient sedimentation. The BM donors were always 
unrelated to those individuals from whom NK cell lines were derived 
(see below). Mycoplasma-free leukemic human cell lines KG] 
(myeloblasts), HL60 (premyelocytes), K562 (proerythroblasts) and 
Epstein-Barr virus (EBV)-transformed B lymphoblastoid cell line 
Laz 461 and Laz 509 were maintained in RPMI 1640 medium 
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supplemented with 10% fetal calf serum (FCS), L-glutamine, peni- 
cillin-streptomycin, and sodium pyruvate. 


Partial Purification of Hematopoietic Progenitor Cells 


Hematopoietic progenitor cells were enriched ~100-fold using an 
immune rosette technique previously described in detail.'* Mono- 
clonal antibodies used in the purification of blasts included anti- 
MY8 (pan-myeloid), anti-Mol (clone 904, pan-myeloid), anti-Mo2 
{monocyte}, anti-B1 and anti-B4 (pan B}, anti-T11 and anti-T3 (T), 
anti-NKH! (NK) and anti-NKH, (NK and basophils), anti- 
glycophorin A (clone 39, K. Sabbath, J.D. Griffin, unpublished 
observations, January 1985) and anti-JS [common acute lympho- 
blastic leukemia (CALLA) antigen]. Progenitor populations 
obtained in this way were subjected to a second rosetting step 
involving selection of HLA-DR-—positive cells with 12 monoclonal 
antibody” to improve the enrichment of CFU-GM. In experiments 
assaying for CFU-E, BFU-E, and CFU- Mix, depletion of glycopho- 
rin A-expressing cells was omitted and a second rosetting step was 
included using monoclonal antibody SC9" to enrich for multilineage 
and erythraid progenitor cells. The 90-kd SC9 antigen is expressed 
by normal CFU-Mix, BFU-E, CFU-E, and erythroid cells less 
mature than the orthochromatophilic normoblast. CFU-GM are 
weakly positive, whereas more mature granulocytic cells are nega- 
tive. 


Generation of Cloned Human Cell Lines 


Methods:for generation of human NK cloned cell lines have been 
described in detail. +°" In brief, either peripheral blood mononu- 
clear cells (PBMCs) or purified NKH!+ or NKH2+ cells were 
cloned at one cell per well on a feeder layer of autologous, irradiated 
(5,000 rad} EBV-transformed B cells. Selected colonies with NK 
activity were expanded by the addition of culture medium containing 
lymphocyte-conditioned medium (LCM) (10% to 15% final dilu- 
tion) every three days. Culture medium was RPMI 1640 supple- 
mented with penicillin-streptomycin, L-glutamine, sodium pyruvate. 
and 20% human AB serum. All NK cell lines used in these studies 
have been subcloned at least four times at 100 cells per well on a 
feeder layer of irradiated PBMCs plus irradiated EBV-transformed 
B cells. After subcloning procedures, both phenotype and cytotoxic 
function have remained stable. As control cell lines, two cloned 
human cytotoxic T cell lines recognizing irrelevant antigens in a 
major histocompatibility complex (MHC)-restricted manner were 
kindly suppiied by Dr Ellis Reinherz of Dana-Farber Cancer Insti- 
tute. 


Phenotyptc Analysis of Cell Surface Antigens and 
Cyiotoxicity of Cloned NK Cells 


Phenotypic analysis was performed by indirect immunofluores- 
cence with fluorescein-conjugated goat anti-mouse Ig (Tago, Burlin- 
game, CA) as previously described.*'*’ Monoclonal antibodies used 
for phenotype analysis of NK cells included T3, T4, T8, T11, 
NKH1, and NKH2. Samples were analyzed at 10,000 cells per 
sample on an Epics C flow cytometer (Coulter Electronics, Hialeah, 
Fla) using a log amplifier. As negative controls to determine 
background fluorescence, irrelevant ascites derived from nonreactive 
hybridomas were used. Monoclonal antibodies were always used at 
saturating concentrations (1:100 to 1:500). Cytotoxicity of NK 
clones was assessed using a standard *'Cr-release assay." 


Antibodies to IF N-y and IFN-a 


Polyclonal antibody to IFN-a and control antiserum was obtained 
from the Research Resource Branch, National Institutes of Health, 
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Bethesda, MD (catalogue nos. G-026-502-568 and G-027-501- 
568). 

A monoclonal antibody (3C11C8), which neutralized recombi- 
nant and natural IFN-y was raised against purified recombinant 
IFN-y (the interferon was obtained from Biogen, Cambridge, 
MA).” Ascites fluid from mice bearing 3C11C8 hybridoma cells 
contained 10° neutralizing U/mL. In all experiments, a second 
monoclonal antibody (2B4) that binds to IFN-y but has no neutral- 
izing capacity was used as a control. 


Colony Assays 


CFU-GM assay. CFU-GM were assayed in Agar (Agar Noble, 
Difco Laboratories, Detroit) by a modification of the method of Pike 
and Robinson.” Underlayers (0.5 mL) were composed of 0.5% agar 
in Iscove’s modified Dulbecco’s minimum essential medium (MEM} 
(IMDM) supplemented with L-glutamine and penicillin-streptomy- 
cin and 20% FCS. As a source of colony-stimulating factor (CSF), 
10% conditioned medium from the GCT cell line (GIBCO, Grand 
Island, NY) was added to the underlayer. The overlayer (0.5 mL) 
was composed of 0.3% agar in the same medium and contained 2.5 x 
10° purified myeloid progenitor cells in the presence or absence of 
2.5 x 10* cloned NK cells. The NK cells do not proliferate under 
these culture conditions. The cultures were set up in quadruplicate in 
24-well plastic culture plates (Linbro) and were incubated at 37 °C 
in 5% CO, and humidified air. In selected experiments, various 
anti-IPN-a@ and IFN-y (at 1,000 to 3,000 nU/mL) or control 
antibodies were added to underlayers and overlayers. After 7 and 14 
days of culture, overlayers were removed from underlayers by 
agitation and were dried onto glass slides under filter paper. To 
determine colony (>40 cells) and cluster (8 to 40 cells} morphology, 
the dried cultures were fixed in acetone-methanol fixative (60% 
acetone, 10% methanol, 30 mmol/L of sodium citrate, pH 7.4) for | 
minute, and were then stained for combined naphthol AS-D chioroa- 
cetate esterase (CAE) and a-naphthy! acetate esterase (ANAE) to 
detect granulocyte, granulocyte/monocyte, and monocyte colonies 
as previously described.” All slides were counterstained with acid 
hematoxylin (Sigma, St Louis). 

CFU-Mix assay. Mixed granulocyte, erythroid, monocyte, and 
megakaryocyte colonies were assayed as described,” Progenitor cells 
were cultured in triplicate in -mL cultures in IMDM containing 
0.9% methylcellulose, 30% FCS, 10% preselected conditioned 
medium from phytohemagglutinin (PHA)-stimulated (day 7 cul- 
ture) PBMCs (PHA-LCM) free of detectable interferon (assayed by 
induction of class H HLA antigens on CFU-GM),” 2 x 10 mol/L 
of 2-mercaptoethanol and 1 U/mL of erythropoietin (Step HI, 
Connaught Laboratories, Swiftwater, Ontario), Progenitor cells 
were plated at | x 10° to 1 x 10*/mL in 35-mm culture Petri dishes 
(Lux, Newbury Park, CA) in the presence or absence of 10°/mL of 
cloned NK cells. Cell concentrations were chosen so that there were 
100 total colonies in each plate to minimize the possibility of colony 
overlap. In selected experiments antibodies to IFN-y and IFN-a or 
control antibodies were added at the time of initiation of cultures 
which were scored on day 14. 

CFU-E, BFU-E assay. Erythroid colonies and bursts were 
grown in triplicate as described” in I-mL cultures of IMDM 
containing 0.9% methylcellulose, 30% FCS, 0.9% deionized bovine 
serum albumin (BSA), 2 x 10-74 mol/L of 2-mercaptoethanol, and 2 
U/mL of erythropoietin. Erythroid progenitor cells were plated at 
5 x 10'/mL in the presence or absence of 5 x 10*/mL cloned NK 
celis. Well-hemoglobinized colonies on day 7 of culture were scored 
as CFU-E; late hemoglobinizing bursts were scored as BFU-E at 14 
days. 

CSF-dependent myeloid progenitor proliferation assay. Prolif- 
eration of myeloid progenitors was assayed as described.” In brief, 
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1 x 10*/mL of purified myeloid progenitors were cultured in 0.2 mL 
of RPMI 1640 containing 10% FCS and various concentrations of 
NK-cell—derived supernatants prepared as described below for 48 
hours in round-bottom microtiter 96-well plates (Linbro). In some 
cultures, GCT-conditioned medium (GIBCO) was added (10% 
vol/vol) as a source of CSF. Four hours prior to cell harvest, 20 ul of 
RPMI 1640 containing | aCi of ’H-thymidine (TdR) (Schwartz- 
Mann, Spring Valley, NY) was added. Cells were harvested on an 
automatic cell harvester (Microbiological Associates), and *H-TdR 
incorporation was measured in a Packard scintillation counter 
(Packard Instruments, Downer’s Grove, IL). Assays were performed 
in triplicate, and results were expressed as mean + SD. 

Assay for proliferation of cell lines. Proliferation of cell lines 
KGI and HL60 was assayed as described for myeloid progenitor 
cells, except that GCT medium was omitted from the cultures. 

Preparation of cloned NK-cell—derived supernatants. Cloned 
NK cells washed free of their LCM propagation medium were 
plated either at 6 x 10° cells/well in IMDM containing 20% FCS, 
1% GCT medium together with 6 x 10° purified NBM progenitor 
cells or KGI, HL60, K562, or Laz 509 celis in 96-well V-bottom 
plates (Linbro) in a total volume of 180 wL/well, and centrifuged at 
200 g for 10 minutes to initiate cell contact. For experiments in 
which contact was to be minimal, NK cells 2.4 x 10*/well were 
cultured along with 2.4 x 10° NBM progenitor cells in 24-well 
flat-bottom plates (Linbro) in a total volume of 0.72 mL/well. In 
both cases, cell concentration was the same (3.3 x 10° cells/mL). 
Plates were incubated at 37 °C in 5% CO,. Control cultures were 
performed under identical conditions in which NBM progenitor cells 
or KG1, HL60, K 562, or Laz 509 cells were omitted. After 18 hours 
of incubation, cell-free supernatants were collected. In some experi- 
ments, aliquots of these supernatants were then cultured for | hour 
at room temperature in the presence or absence of 1,000 nU/mL of 
monoclonal antibody to IFN-y (3C11C8) or control antibody. 

Assay for colony inhibition by cloned NK cells. To test inhibi- 
tion of hematopoietic progenitor growth, the different cloned NK 
populations were cultured at 2.5 x 10* to 10°/mL with purified 
hematopoietic progenitor cells in IMDM-20% FCS, 1% GCT in a 
NK/progenitor ratio of 10:1 in either of two culture conditions. To 
maximize cell contact, cells were centrifuged to a pellet (200 g for 10 
minutes) in V-bottom microtiter plates and then incubated at 37 °C 
for 4 to 18 hours. To minimize cell contact, cells were cultured in 
24-well flat-bottom plates (Linbro) in a final volume of 1 mL. After 
the desired culture period, cells were transferred together with their 
culture supernatant into colony assays. 

To test NK cell promotion of hematopoietic progenitor growth, 
cells from different NK clones, washed free of PHA-LCM, were 
incorporated directly into the various colony assays, exogenous 
growth supporting factors were not added. 


RESULTS 
NBM Progenitor Cells 


The partial purification of NBM myeloid progenitor popu- 
lations using a sequential two-step immune rosette technique 
resulted in preparations of 57% to 73% blasts, 20% to 28% 
promyelocytes, 1% to 3% more mature myeloid cells, 6% to 
9% immature erythroid cells, and <1% lymphocytes and 
monocytes as previously described.” Reanalysis of the puri- 
fied progenitor cells by indirect immunofluorescence using 
anti-Mo2, anti-B1, anti-T11, and anti-NKHI revealed <1% 
fluorescent cells, indicating nearly complete absence of 
monocytes, B lymphocytes, mature T lymphocytes, and NK 
cells. 
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A second rosette step involving the selection of SC9- 
positive cells resulted in preparations of 28% to 40% blasts, 
8% to 12% promyelocytes, 2% to 4% more mature myeloid 
cells, 49% to 53% immature erythroid cells, and <1% lym- 
phocytes and monocytes. 


Characterization of NK Clones 


Six NK clones were selected for analysis. The phenotypes 
and cytotoxic activities of these lines are shown in Table 1, 
which shows that they were representative of the different 
types of activated peripheral blood NK cells. Retesting of 
these lines has shown phenotypic and cytotoxic stability for 
at least 10 months. Clones CNK8, JT9, and JT10 are T 
cell-like NK clones with T3/Ti-like structures, whereas 
clones CNK6, JT3, and JT,18 are T3 negative. All clones 
were shown to be positive for the pan-NK cell antigen 
NKH1,, but only CNK6, JT3, and CNK8 reacted with 
NKH2, which defines a subset of large granular lymphocytes 
(LGLs) in peripheral blood. Two cytotoxic T3* T cell clones 
that lack NK activity were included in some experiments as 
controls. 


Regulation of Hematopoietic Colony Growth by Cloned 
NK Cells 


NK clones were tested for colony stimulatory activity by 
using them as “feeder cells” in colony assays in which 
standard growth factors were omitted. None of the clones 
produced humoral factors that promoted the growth of 
CFU-GM, BFU-E, CFU-E, or CFU-GEMM (data not 
shown). 

Pilot experiments with the CNK8 and JT10 clones 
revealed that co-culture of these NK cells with BM progeni- 
tor cells for 12 hours diminished subsequent CFU-GM 
colony numbers (Table 2) and that this effect was abrogated 
by prior irradiation of the NK cells (1,200 rad). Moreover, 
culture of marrow cells with two cytotoxic T cell clones that 
lack NK activity did not affect CFU-GM growth (Table 2). 
A series of experiments were then conducted to determine 
the culture conditions that resulted in optimum “killing” of 
CFU-GM, BFU-E, and CFU-GEMM by NK clones. The 
time of preincubation of NK cells and progenitor cells varied 
from 4 to 8 hours, the cell ratio varied from 2:1 to 20:1, and 
the cell contact conditions were either “loose contact” (24- 
well flat-bottom plate) or “tight contact” (96-well V-bottom 
plate). As shown in Fig 1, for two representative experiments 
assaying the effect of clone CNK8 on day 14 CFU-GM, 
CFU-E, and CFU-GEMM growth, colony inhibition 
required close cell contact and increased with longer preincu- 
bation time. In experiments not shown, the optimal NK/ 
progenitor cell ratio was 10:1. 

A series of five NK clones and two non-NK clones were 
then tested for inhibition of hematopoietic progenitor cells 
using the “optimum” culture conditions defined above (18 
hours of co-culture with close cell contact at a 10:1 ratio) 
(Table 3). Two cytotoxic but non-NK T cell clones did not 
inhibit progenitor cell growth under these conditions (data 
not shown). In contrast, five of five NK clones tested 
inhibited growth of day 7 CFU-GM by >25% (range 27% to 
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Table 1. Phenotype and Cytotoxic Activities of Cloned Human NK Cell Lines 


Phenotype* 
NK Clones T3 T4 T8 T11 NKH 1 NKH2 
CNK6 mm _ = + + 
JT3 ~ aas == + -+ 
JT,18 m á E + + 
CNK8 F = + F + 
JTS + = + + + 
JT10 + = + + + 








Cytotoxicity t R. 
K562 Laz 461 Laz 509 HL-60 KG-1 
tet I = +o ++ 
+++ + 5 + qk 
FEF 5 a a ++ Ee e a 
+++ ++ = + qet 
FEF EA t e + +t 
t+ Soe ae oe + AF 





*Cells were considered negative if < 10% of the celis and positive if >80% of the celis were reactive with the given monoclonal antibody. 
t The cytotoxic activity is expressed as follows: —, <5%, +, 5% to 30%; + +, 30% to 60%: + + +, >60%. 


67%), whereas all clones inhibited day 14 CFU-GM by 
>25% (range 25% to 90%) (Table 3). All clones inhibited 
CFU-E growth by >25% (range 13% to 55%), whereas only 
three clones inhibited BFU-E by >25%. CFU-Mix were 
inhibited by >25% by three clones. 

Inhibition of different colony types varied among individ- 
ual clones. For instance, clone JT9, a poor inhibitor of 
CFU-Mix, strongly suppressed day 14 CFU-GM and CFU- 
E. It is notable that individual degree of inhibition was not 
associated with membrane expression of the anti-T3 or 
anti-NKH2 defined antigens, since clones with differential 
inhibitory effects were found in each phenotypic group. 
Moreover, the types of colonies inhibited by individual NK 
clones were reproducible from experiment to experiment and 
with marrow from different donors. 

Agar CFU-GM cultures were stained in situ for esterase 
activities to determine if either granulocyte or monocyte 
colonies were preferentially sensitive to NK-mediated lysis 
(Table 4). At day 14, no preferential lineage inhibition of 
CFU-GM colonies was noted. Overall, granulocytic colonies 
were suppressed by 22% to 90%, monocyte colonies by 16% to 
88%, and mixed granulocyte/monocyte colonies 25% to 89%. 
At day 7, however, the extent of inhibition of monocyte and 
mixed colonies (2% to 34% and 4% to 35%, respectively) was 
significantly lower than the inhibition of granulocyte colo- 


Table 2. Inhibitory Effect of Cloned Hurnan NK Cell Lines on 
CFU-GM Growth 








CFU-GM/ 10* Control 
Cloned Ceil Line’ Celist {%}¢ 

T ceil clones 

TO1 5RexB 708 100 

TO2 20°C3 660 93 
NK cell clones 

CNKS 380 54 

JT10 208 29 
NK cell clones {irradiated} 

CNKS 784 110 

JT10 798 113 





*Cloned cells were cultured with partially purified target cells for 12 
hours in a V-bottom microtiter plate followed by cell suspension and 
assay of CFU-GM. The non-NK T cell clones are major histocompatibility 
complex-restricted allogeneic cytotoxic T cell clones of irrelevant anti- 
genic specificity that lacked any demonstrabie NK activity on K562 cells. 
Irradiation was 1,200 rad. 

+Mean of quadruplicate values. SE < +20% in each case. 

The media control contained 708 CFU-GM/ 10‘ cells after 7 days. 


nies (21% to 79% inhibition) (P = .01 and .02, respectively, 
based on two-sided paired ¢ test) (Table 4), suggesting 
increased sensitivity of late granulocyte-committed CFU- 
GM to NK inhibition. 


Inhibition of Myeloid and Erythroid Colony Growth by 
Humoral Factors Released by NK Cells 


To investigate the mechanism of NK cell-mediated hema- 
topoietic colony inhibition, we investigated the possibility 
that a soluble factor might be involved. Cell-free superna- 
tants were obtained by incubating one of two selected NK 
clones with either purified progenitor cells or various cell 
lines under two different cell contact conditions (tight y loose 
cell contact). As shown in Table 5, supernatants derived 
from co-culture of progenitor cells with a clone (CNK8) that 
broadly inhibited hematopoietic colony growth subsequently 
suppressed day 14 CFU-GM colony formation by 58% + 3% 
and CFU-E formation by 41% + 4%. Supernatants derived 
from co-cultures of an NK-clone (CNK6) that previously 
demonstrated modest inhibitory function with progenitor 
cells were much less effective in suppression of day 14 
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Fig 1. Influence of incubation time and degree of cell contact 
on suppression of day 14 CFU-GM, CFU-E, and CFU-Mix growth 
mediated by natural killer (NK} clone CNK&. Cells of NK clone CNKS 
were cultured with partially purified hematopoietic progenitor 
celis (10:1) plated for various times either in 24-well flat-bottomed 
plates (CFU-GEMM, solid squares; CFU-E, solid diamonds; day 14 
CFU-GM, solid circles) or in 96-well V-bottom plates (CFU-Mix, 
open squares; CFU-E, open diamonds; day 14 CFU-GM. open 
circles). Prior to incubation, 96-well plates were centrifuged to 
allow close cell contact. Flat-bottomed plates were not centri- 
fuged. Mean + SD of two separate experiments is shown. Abso- 
lute number of colonies/10* celis formed in triplicate cultures 
were: day 14 CFU-GM, 444 + 72; CFU-E, 558 + 56: COFU-Mix, 
35 + 2. 
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Tabie 3. Inhibitory Effect of Cloned Human NK Ceil Lines on 
Normal Bone Marrow Hematopoietic Colony Growth 


Colonies (% of Control)” 


CFU-GMt CFU-GM 
Clone (Day 7} (Day 14) CFU-E BFU-E CFU-Mix 
CNK6 73 +7 64 +5 64 +4 92 +5 79 +4 
JT3 66 + 7 75 +8 59 +4 50 +7 51+ 6 
JT,18 67 +5 38 +3 70 +9 70465 49 +6 
CNK8 41+5 20 + 2 45:6 51+6 40 +3 
JT9 33 +4 10+ 3 49 +3 81+6 80 +9 


*The mean + 1 SD of four separate experiments with four different 
normal bone marrow donors is shown. 

+The absolute number of colonies (per 10* cells) in triplicate cultures 
formed in the absence of cloned NK cells were: day 7 CFU-GM 788 + 
124; day 14 CFU-GM 436 + 76; CFU-E 626 + 140; BFU-E 150 + 42; 
and CFU-Mix 34 + 9. 


CFU-GM (21% + 4% inhibition) and CFU-E (13% + 2% 
inhibition). Co-cultures of the same clones with sensitive and 
insensitive tumor lines revealed that supernatants produced 
by clones in the presence of sensitive tumor cell lines also 
contained CIA. Again, tight co-culture conditions resulted in 
more inhibitory effects (Table 5). CIA produced by CNK8 
was more effective in colony inhibition following preincuba- 
tion with hematopoietic progenitor cells than with sensitive 
tumor targets, suggesting that hematopoietic cells are partic- 
ularly effective stimulators of this NK cell line. 


Activation of NK Cells to Release Inhibiting Factors 


The results shown in Table 5 suggested that “activation” 
of an NK clone by co-culture with a sensitive cell line 
induced release of inhibiting factors, whereas co-culture with 
an NK-resistant line was ineffective. The specificity of these 
inhibitory factors was further investigated by preparing 
supernatants conditioned by co-culture of CNK8 cells with 
either marrow progenitor cells, a resistant cell line (HL-60), 
or a sensitive cell line (KG-1), and then determining the 
effect of each supernatant on subsequent DNA synthesis 
(7H-TdR incorporation) of progenitor cells, HL-60, or KG-1 
cells (Table 6). Marrow progenitor cells, composed primarily 
of granulocyte precursors, required the addition of CSF 
(GCT medium) for DNA synthesis. 

Medium conditioned by unstimulated CNK8 cells had no 
inhibitory activity for progenitor cells, KG-1, or HL60 cells. 
In contrast, following stimulation with partially purified 


Table 4. Inhibitory Effect of Cloned Human NK Cell Lines on Subsets of CFU-GM 
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marrow progenitor cells (MPCs), supernatants inhibited 
DNA synthesis of MPCs, KG-1 cells (NK sensitive) and 
HL60 cells (NK resistant). Following stimulation by KG-1 
cells, supernatants inhibited MPCs and KG-1 cells, whereas 
stimulation by HL60 cells did not generate inhibitory activi- 
ty. Supernatants generated following incubation with either 
MPCs or KG-1 cells were subsequently most effective at 
inhibiting the original target cell. 

These results suggest that more than one inhibitory factor 
is released by activated NK cells. Because IF N-y is known to 
be an effective inhibitor of hematopoiesis,” experiments 
were performed in which the presence of IFN-y in these 
supernatants was assessed by adding a neutralizing mono- 
clonal antibody to IFN-y (Table 6). The inhibitory activity 
of supernatants produced by CNK8 in the presence of 
myeloid progenitor cells, but not KG-1 cells, was partially 
neutralized by antibody to IFN-y. Nonneutralizing antibody 
to IFN-y, however, did not alter proliferation of the target 
cell populations tested (data not shown). 


Role of INF-y Released by Cloned NK Cells in Inhibition 
of Hematopoietic Colony Growth 


To analyze further the possible participation of IFN-y 
apparently released by cloned NK cells on contact with 
hematopoietic progenitor cells in the inhibition of growth of 
various colony types, neutralizing antibody to IFN-y was 
added to CFU-GM, CFU-E, BFU-E, and CFU-Mix assays 
at time of initiation of colony cultures. 

The addition of 1,000 neutralizing U/mL of anti-IFN-y 
partially abrogated the inhibition of day 7 granulocyte 
colonies mediated by CNK8 and JT9, but had minimal or no 
effects on other day 7 CFU-GM, day 14 CFU-GM, CFU-E, 
BFU-E, or CFU-Mix (Fig 2). In other experiments, the 
concentration of anti-interferon antibody was increased to 
3,000 nU/mL without further reversal of the inhibitory 
effects of CNK8. These results suggest that IFN-y is 
released as a consequence of the interaction between some 
NK cell lines and hematopoietic progenitor cells and that 
IFN-+ contributes to the cytotoxic effect of these NK cells on 
late granulocyte progenitor cells in particular. The failure of 
high concentrations of neutralizing monoclonal antibody to 
IFN-y to abrogate completely the inhibitory effects of NK 
clones suggests, however, that additional factors are involved 
in the inhibition of hematopoiesis by these clones. 





Cotonies (9% of Controf)* 





Day 7 CFU-GM Day 14 CFU-GM 
Cione Granulocytet Monocyte Mixed G/M Granulocyte Monocyte Mixed G/M 
CNK6 69 + 5 84+ 6 75 +7 65 +6 7125 68 +7 
JT3 64+ 5 66 + 5 65 + 6 72 +6 75 +8 75 +6 
JT,18 59 +7 92 + 7 80 +6 32 +3 4 +6 4322 
CNK8 30 t44 80 +7 64 +$ 24 t4 36 + 3 31293 
JT9 21 +3 70 +5 68 +4 10+ 1 12 +3 1123 


eta a co pam pant patna ap il nan a idea 
*The mean + SD of three separate experiments with three different normal bone marrow donors is shown. 


+The absolute number of colonies (per 10° cells) in triplicate cultures formed in the absence of cloned NK cells were: day 7--CFU-gran 612 + 64, 
CFU-mono 76 + 16, and CFU-G/M, 100 + 16; and day 14-—CFU-gran 240 + 36, CFU-mono 88 + 24, and CFU-G/M 108 + 24. Lineages of CFU-GM 
were determined cytochemically as described in the Materials and Methods section. 
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Table 5. Inhibitory Effect of Supernatants From Cultures of Cloned NK Lines CNK6 and CNK8 on 
Myeloid (Day 14 CFU-GM) and Erythroid (CFU-E) Colony Growth 


Day 14 CFU-GM (% Colony inhibition)” 


Activating Cell Typet 


Purified Marrow 











NK Cione None KG-1 HL-60 K562 Laz 509 Progenitor Calls 
CNK6 2+1 ND ND 17+4 342 2144 
CNK8 
Tightt 2+ 1 43+4 723 ND ND 58 + 3 
Loose f1 ND ND ND ND 25 +3 
CFU-E (% Colony inhibition) 
Activating Cell Type 
None Purified Marrow 
Progenitor cells 
CNK6 1+1 i3 +2 
CNK8 
Tight 2+2 4i+4 
Loose 2+2 19 +4 





ND, not determined. 
*The mean + SD of two separate experiments is shown. 


TNK ceils (3.3 x 10*/mL) were cultured for 6 hours with 3.3 x 10°/mL of activating cells. Supernatants obtained from cultures of activating cells in 
the absence of cloned NK cells did not affect day 14 CFU-GM and CFU-E growth. 
tSupernatants obtained from tight co-cultures (*) and loose co-cultures (+). 


DISCUSSION 


We have investigated the role of NK cells and NK-derived 
soluble factors in regulating hematopoiesis in vitro by assay- 
ing the effects of cloned, activated human NK cell lines on 
the growth and differentiation of NBM colony-forming cells. 
Previous studies with these NK cell lines showed that they 
are useful models of activated human NK cells. They display 
considerable heterogeneity in the types of tumor target cells 
they recognize,” and some lines utilize the T cell antigen 
receptor (T3/ti complex) for target structure recognition, 
whereas other NK lines do not.” The results presented here 


show that such NK cell lines do not promote formation of any 
hematopoietic colony type by themselves and do not release 
detectable soluble growth factors for colony formation. All 
clonal lines tested could inhibit one or more colony types in a 
reproducible manner, however. For most lines, colony inhibi- 
tion was moderate (25% to 75% inhibition) and required a 
period of close cell contact of 8 to 18 hours for maximum 
effect. Finally, during this period of cell contact, soluble 
factors that mediate similar inhibitory effects are released. 
One, but probably not the only one, of these factors appeared 
to be IFN-y. 

Previous work on the regulatory properties of NK cells in 


Table 6. Inhibitory Effects of Supernatants From Activated NK Celis on Proliferation of Normal MPC, 
an NK-Sensitive Tumor Cell Line (KG-1) and an NK-Resistant Tumor Cell Line (HL-60) 


PREAH Ere fr in reread eres 





Inhibition (56) of 
3H-TdR IH-TdR Incorporation 
Incorporation by Supernatant Pretreaterd 
icpm + SD} With 1,000 nU/mi of 
per 1 x 10% Monociona! Antibody to 
Target celi* Culture Target Calis inhibition (9%) IFNy + 
KG-1 (CNK8 sensitive) CNK8 Sup 5,732 + 638 < oo 
CNK8/KG-1 Sup 1,795 + 163 69 67 
CNK8B/HL-60 Sup 5,693 + 701 1 5 
CNK8/MPC Sup 3,938 + 307 32 14 
HL-60 (CNK8 resistant) CNK8 Sup 19,721 + 1,442 _ _ 
CNK8/KG-1 Sup 16,134 + 1,539 18 18 
CNK8/HL-60 Sup 19,833 + 1,348 0 0 
CNK8/MPC Sup 10,473 + 1,099 47 27 
Marrow progenitor cells CNK8 Sup 984 + 86 —- a 
CNK8 Sup + GCT 11,320 + 1,240 = Q 
CNK8/KG-1 Sup + GCT 9,380 + 1,007 18 12 
CNK8/HL-60 Sup + GCT 10,850 + 1,039 4 2 
CNK8/MPC + GCT 3,720 + 420 68 27 


amim reani mananami 


*Cells (1 x 10°) were cultured in .2 mL of RPMI 1640 medium containing 25% (vol/vol) NK supernatants or medium alone for 48 hours prior to a 
4-hour pulse with 7H-TdR. In all cases, culture with supernatant from unstimulated CNK8 cells was indistinguishable from culture with mediurn alone. 
+Percentage of change of 9H-TdR incorporation on treatment with nonneutralizing monoclonal antibody to IFN~y was consistently + 2%. 
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O 20 40 60 80 100 Oo 20 40 60 60 QO 20 40 60 80 100 mean of triplicate culture from one 


Day i4 CFU-GM 
{% af Control} 


Cotfony Number 
(% af Control} 


human hematopoiesis has produced some conflicting results. 
By means of different experimental conditions, NK cells 
have been reported both to support and inhibit growth of the 
same hematopoietic colonies." Growth of peripheral blood- 
derived BFU-E has been reported to be promoted by soluble 
factors derived from unstimulated NK cells'’ as was growth 
of marrow CFU-GM in response to lectin-activated NK 
cells.” Inhibition of marrow CFU-E was shown by Mangan 
and colleagues? and Degliantoni and co-workers.’ Marrow- 
derived BFU-E were found to be suppressed by peripheral 
blood Leu 7 antigen-positive cells’ but not when NK cells 
were separated by selection of B73.1 antigen-positive cells.” 
NK cells enriched by depletion of peripheral blood adherent 
cells and selection of the low-density fraction after Percoll 
density separation were strongly inhibitory to late (day 7) 
CFU-GM but were much less effective in inhibiting early 
(day 14) CFU-GM." In contrast, selection of B73.1-positive 
cells resulted in suppression of early CFU-GM without 
affecting late CFU-GM.’ These results already suggest that 
different enrichment procedures for NK cells may select for 
different NK subpopulations resulting in the observation of 
different functional activities. In addition, because hemato- 
poietic colony-forming cells constitute only a small fraction 
of BM mononuclear cells (<0.5%), in many previous studies 
endogenous marrow accessory cells with potential inhibiting 
or stimulatory effects of their own (T cells, monocytes) far 
outnumbered the colony-forming cells. Thus, purification of 
the target populations (ie, marrow progenitor cells) may be a 
critical point in studying their direct interactions with NK 
cells in vitro. For example, it was recently demonstrated that 
NK cells may amplify endogenous T cells to become suppres- 
sor effector cells.” In addition, residual monocytes could be 
stimulated by exogenous or endogenous CSF to release 
prostaglandins” adversely affecting colony growth” and NK 
cell activity.” The effective removal of accessory cells and 
the higher concentration of progenitor cells in our experi- 
ments was designed to minimize these problems and allow 
determination of the direct effects of NK cells on progenitor 
cells. | 

We found that NK cell lines inhibited growth of all 
identifiable colony types, often with very modest degrees of 
inhibition (25% to 75%). Different clones tended to inhibit 
the formation of certain colony types preferentially, but not 
that of others. Although this was reproducible in these 
experiments, the differences among different colony types 
were often small, and we do not conclude from these data 
that activated NK cells specifically inhibit progenitor cells of 


experiment. A second experiment 
gave identical results. 


Doy 7 CFU-GM 
t% of Control} 


one lineage and not another, although that possibility 
deserves further investigation. Certain clones (CNK8 and 
JT9) dispiayed strong inhibitory capacity against most col- 
ony types, whereas others (CNK6) were minimally inhibi- 
tory in the same culture conditions. The lack of lineage- 
specificity of clones such as CNK& suggests that the target 
“antigens” are not lineage restricted and that a possible 
candidate would be a proliferation-associated cell surface 
structure expressed by all hematopoietic progenitor cells. 
Although the role of NK-active cells in the regulation of 
hematopoiesis in vivo is unknown, these results suggest that 
certain NK cells can be activated by exposure to normal 
hematopoietic cells and can then inhibit proliferation of these 
cells. The results presented here suggest, however, that 
sensitivity to hematopoietic cells is not a property shared by 
all NK ceils to an equal extent. 

Other investigators have shown that supernatants from 
NK cells contain factors cytotoxic for tumor target cells 
(NKCFs) and may also contain inhibitors of colony 
growth.”'© We investigated the rele of inhibitory humoral 
factors in these studies with clonal NK cells by determining 
the degree of inhibition of various target cells by soluble 
factors generated by co-culture of NK cells with both 
sensitive and resistant tumor cell lines or with marrow 
progenitor cells. Our results confirm previous findings from 
Degliantoni and co-workers’ in that NKCFs released on 
contact with sensitive inducers exert inhibition of various 
colony types. More than one type of inhibitory factor was 
apparently generated, however, since NK cells activated by 
KG-1 cells secreted factors that were more effective in 
inhibiting KG-1 cell proliferation than marrow progenitor 
cell proliferation, whereas NK cells activated by progenitor 
cells secreted factors that were more effective in inhibiting 
progenitor cells than KG-1 cells. Purification of these factors 
would be of great interest but would be hampered by the 
limited amount of material obtainable from co-cultures with 
purified progenitor cell populations. 

Because IFN-y is known as a potent inhibitor of hemato- 
poiesis**** a potent enhancer of NK cell function” and is 
known to be released from virus-induced NK cells, we 
assayed for the presence of INF-y activity by neutralizing 
supernatants with specific anti-IFN-y monoclonal antibody. 
Supernatants produced following culture of NK cells with 
hematopcietic progenitor cells but not with sensitive tumor 
targets contained inhibitory activity that could be partially 
neutralized by anti-IFN-y antibody. It is presumed that the 
NK cells were the source of the IFN-y rather than cells in the 
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progenitor cell fraction since IFN-y was not detected in the 
absence of added NK cells, and the progenitor cell fraction 
should contain very few cells known to be capable of 
secreting IFN-y (T cells, endogenous NK cells). If the 
INF-y is in fact secreted by the NK cell lines, these results 
suggest that different target cells may cause either different 
types of NK cell activation or, more likely, different degrees 
of NK cell activation. The different amounts of INF-y in 
NKCIA and NKCFs could explain some of the diverse 
effects of these two supernatants. In colony assays, anti- 
IFN-y but not anti-IFN-a@ or control antibody partially 
neutralized inhibition of late CFU-GM, and to a lesser 
extent BFU-E and CFU-GEMM, suggesting that other 
inhibitory mechanisms may be active in the inhibition of 
early CFU-GM and CFU-E. As shown, these may be of 
humoral nature, but since inhibitory effects due to cell-free 
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NKCIA were less pronounced than those observed with NK 
cells, inhibitory activities related to direct cellular interac- 
tions may account for additional effects and have been the 
subject of further investigations (R.E. Schmidt, manuscript 
in preparation). The relevance of all in vitro NK assays in 
clinical situations is unknown. In the studies reported here, 
interpretation is further complicated by the fact that cloned 
NK cells represent highly activated cell populations that may 
have functional receptors distinct from resting NK cells. NK 
cells or activated NK-like cells may play a pathologically 
significant role in several clinical situations, however, includ- 
ing reconstitution following allogeneic BM transplantation,” 
the development of clonal hematopoietic disorders in NK- 
deficient Chediak-Higashi patients,** and in the development 
of anemia? and granulocytopenia® in patients with 
expanded NK cell, T-y, or LGL populations. 
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Flow Cytometric Analysis of Human Bone Marrow: 
I. Normal Erythroid Development 


By Michael R. Loken, Virendra O. Shah, Karen L. Dattilio, and Curt |. Civin 


Flow cytometry was used to identify maturational differ- 
ences of erythroid lineage cells in normal human bone 
marrow by combining physical characteristics, the expres- 
sion of multiple cell surface antigens, and nucleic acid 
content. Mormal low-density bone marrow cells could be 
divided into four populations, based on forward and right- 
angle light scattering. Erythroid cells, at different matura- 
tional stages, were found in three of these four marrow 
subpopulations. The sequentially correlated expression of 
three cell surface markers—HLe-1, transferrin receptor, 
and glycophorin—-allowed us to study erythroid maturation 
from the colony forming ceil to the mature erythrocyte. 
HLe-1 was expressed on the earliest identifiable erythroid 
celis and was progressively lost as the cells matured. 
Transferrin receptor began to be expressed at the BFU-E 
Stage anc disappeared at the late reticulocyte stage. 
Transferrin receptor expression preceded glycophorin 
expression, the latter beginning on morphologically recog- 
nizable erythroid precursors just after the CFU-E stage. In 


IFFERENTIATION and maturation of hematopoietic 
cells is accompanied by changes in physical, biochemi- 
cal, and antigenic characteristics that are specific for the 
various lineages. Previous studies of antigenic expression of 
bone marrow cells have used a single marker at a time, with 
little emphasis on the quantitative differences in antigen 
expression,’” A more precise description of the continuous 
maturational sequence of cells can be obtained by correlating 
several parameters simultaneously in a quantitative manner 
(a technique applied to study lymphoid cells*’). 

In this study, we used three cell surface markers (glyco- 
phorin A, HLe-!, and transferrin receptor) in defining the 
stages of erythroid maturation in normal human marrow. 
Glycophorin A is expressed in large quantities on mature 
erythrocytes but is not present on the earliest precursor 
cells.*” In contrast, the HLe-1 antigen is lost during matura- 
tion. Transferrin receptor is expressed at intermediate 
stages of erythroid development.'' Using flow cytometry to 
correlate the expression of these three cell surface markers 
with physical characteristics and nucleic acid content, we 
were able to identify erythroid cells at morphologically 
recognizabie stages of maturation. 


MATERIALS AND METHODS 


Monoclonal antibodies. Phycoerythrin (PE)-conjugated Anti- 
Leu-4 (CDJ), Anti-Leu-11 (CD16), Anti-Leu-12 (CD19), and rat 
anti-mouse <, as well as Anti-HLe-] FITC were obtained from 
Becton Dickinson Monoclonal Center, Mountain View, CA. Anti- 
transferrin receptor (Becton Dickinson) was conjugated to PE 
following the protocol of Oi and colleagues. Both purified and 
FITC-conjugated antiglycophorin (10F7) were the kind gifts of Dr 
R. Langlois, Livermore.” 

Cell preperation and immunofluorescence. Bone marrow aspi- 
rates were obtained from normal volunteers. Collection of samples 
was performed after approval by the institutional Committee on 
Investigations Involving Human Subjects with an assurance filed 
with and approved by the Department of Health and Human 
Services. The low-density leukocytes (1.077 ug/cm’, Ficoll-Hy- 
paque, Pharmacia, Piscataway, NJ} were washed in RPMI 1640 
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contrast to both HLe-1 and transferrin receptor, which 
were progressively lost during the maturational process, 
once glycophorin had been maximally expressed on the cell 
surface, it remained at constant quantities to the mature 
erythrocyte stage. Although developing nucleated ery- 
throid cells at approximately the normobiast stage had 
light-scattering properties similar to those of lymphoid 
celis, these two cell types could be resolved by ceil surface 
antigen expression. Normoblasts were glycophorin posi- 
tive and HLe negative, whereas lymphoid cells expressed 
HLe and either Leu 4, Leu 11, or Leu 12. Decreases in 
cellular nucleic acid content, corresponding first to the 
extrusion of the nucleus and second to the loss of reticu- 
ium, characterized the later stages of erythroid develop- 
ment. These characteristics and instrumentation can be 
used to purify erythroid cells at various developmental 
stages. 

© 1987 by Grune & Stratton, inc. 


containing 10% fetal bovine serum (FBS) and aliquoted for immuno- 
fluorescent staining. The cells were suspended at a concentration of 
10’/mL. In the experiments in which both antibodies were directly 
conjugated to the fluorochrome, the first antibody (or mixture of 
antibodies, as in the experiments using PE Anti-Leu 4,11,12}) was 
added using an amount that gave maximal fluorescence. The cells 
were incubated on ice for 30 minutes. They were then pelleted and 
washed with buffer (at least five times the staining volume) before 
the second antibody was added. After 30 minutes on ice the cells 
were again washed with buffer. For the experiment in which 
antiglycophorin was paired with anti-HLe-1, a four-step procedure 
was used. The cells were first labeled with antiglycophorin, as just 
described. Following the wash step, the cells were reacted with rat 
anti-mouse « PE, incubated on ice, and washed. The cells were then 
exposed to 10% normal mouse serum for 30 minutes to block free 
binding sites of the second-step antibody. After the cells were 
washed with buffer, the anti-HLe-] FITC was added and the cells 
were processed as before. After all the staining steps were completed 
the cells were resuspended to 2 x 10°/mL in RPMI 1640 containing 
10% FBS. 

Nucleic acid staining. Cells were labeled for cell surface anti- 
gens using directly FITC-conjugated antibodies and were fixed 
overnight in 1% paraformaldehyde in phosphate-buffered saline 
(PBS).'* The cells were pelleted and resuspended in saline contain- 
ing 0.2% Tween 20 (Sigma, St Louis). After 15 minutes at 37 °C, the 
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cells were washed once with PBS. An aliquot of cells was further 
exposed to 50 ng/mL of ribonuclease A (Sigma) for 30 minutes at 
37°C. Both the untreated and RNAse-treated cells were resus- 
pended in 10 ng/mL of propidium iodide (PI) for 30 minutes. The 
cells were washed with buffered saline once and were then analyzed 
immediately on the flow cytometer. 

Flow cytometry. Quantitative fluorescence analysis was per- 
formed using a five-parameter FACS 440 (Becton Dickinson Immu- 
nocytometry Systems). The optical configuration and filter combi- 
nations for two-color immunofluorescence using FITC and PE have 
been previously described.’ In the experiments comparing FITC 
and PI staining, the optical filter in the PE channel was replaced by a 
620 LP filter. The argon ion laser was operated at 488 nm using 100 
mW of power. The laser beam was focused using a 2-inch focal 
length spherical lens. A minimum of 50,000 events was collected in 
list mode on a Consort 30 Data Management System. This permit- 
ted reanalysis of the data to demonstrate the correlation between two 
colors of immunofluorescence for population of cells identified by 
forward and right-angle light scattering. Contours were drawn at 
increments of five cells in the bivariate plots. The initial contour level 
for the populations identified as “Blast” by light scattering was 2. 
For all other contour plots, the initial level was 5. 

The data presented in Figs | through 7 were all obtained from a 
single bone marrow sample in a single experiment. Replicate experi- 
ments gave similar staining results. 

Morphological studies. Viable cells, stained for two colors of 
immunofluorescence, were sorted based on the gates indicated in the 
appropriate figures. Duplicate cytocentrifuge slides were prepared 
for each sorted fraction of cells. These slides were coded and stained 
with Wright’s Solution, and differential counts made for each 
sample. 

Enumeration of hematopoietic progenitors. The stained bone 
marrow cells were sorted directly into 24-well multiculture plates 
(Falcon Plastics, Oxnard, CA) containing 0.25 mL of growth 
medium consisting of 1% methylcellulose in Iscove’s Modified 
Dulbecco's Medium (IMDM) (GIBCO, Grand Island, NY) with 
30% FBS and 50 umol/L of 2-mercaptoethanol. For erythroid 
colonies, | U of erythropoietin and 1% Mo of conditioned medium'* 
were added, whereas for granulocyte-macrophage colonies 5% pla- 
cental-conditioned media was added (kindly provided by Dr L. 
Levitt). The cultures were incubated at 37 °C in 5% CO,. CFU-E 
colonies were counted on day 8; BFU-E colonies were counted on day 
14. CFU-GM colonies were enumerated on day 11. Because the 
number of cells sorted into each well varied from 500 to 2,000 
(depending on the relative enrichment of the progenitors expected), 
the number of colonies was expressed on the basis of 2,000 cells 
sorted for each well. 


RESULTS 


Physical parameters aid in discriminating between cell 
types. The forward and right-angle light-scattering con- 
tour plot of low-density Ficoll-Hypaque-separated normal 
human marrow (Fig 1) was similar to that obtained from 
blood in which the erythrocytes had been lysed using 
NH,C1.'° Windows L and G corresponded to the lymphocyte 
and granulocyte populations (respectively) observed in the 
analysis of blood. Blood monocytes were found in window B, 
which in the marrow was comprised of immature cells of 
various lineages, giving rise to the term “blast” window.'7""” 
Colony-forming cells were found almost exclusively within 
this region.'7" Window R was unique to marrow and 
contained nonnucleated RBCs. 

The cells within these windows were sorted and differen- 
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Fig 1. Correlation of forward- and right-angle light scattering 
of low density, viable human bone marrow. Four populations of 
celts (R, L, B, and G) were sorted for morphological identification 
(Table 1}. These same gates were used for reanalysis of the list 
mode data to correlate the immunofluorescence with the light- 
scattering parameters of each cell. 


tial counts of Wright’s-stained cel] preparations were made 
(Table 1). Mature, nonnucleated erythrocytes and reticulo- 
cytes predominated in population R. Less mature nucleated 
erythroid precursors (normoblasts) were enriched in popula- 
tion L, along with lymphoid cells. The least mature erythroid 
precursors identifiable by morphology were found in popula- 
tion B, which included immature cells of all other lineages. 
Window G contained almost exclusively maturing cells of the 
granulocytic lineage. Because Window G did not contain 
many erythroid cells, subsequent analysis in this study 
focused on the cell surface antigen expression of cells that 
were within windows R, L, and B. 

Discrimination of erythroid and lymphoid cells. The 
mixture of erythroid and lymphoid cells found in windows R 
and L (Fig 1) could be distinguished based on cell surface 
antigen expression (Fig 2). Erythroid cells were specifically 
identified using FITC-conjugated antiglycophorin A.*” The 
lymphoid cells were identified as a group by mixing three 
PE-conjugated antibodies together; anti~Leu-4 (CD-3 on T 
cells), anti-Leu-12 (CD-19 on B cells), and anti~Leu-I1 
(CD-16 on NK cells).2>”? As shown in Fig 2, 94% of all cells 
within the “RBC” light-scattering window were glycopho- 
rin’, whereas 6% were lymphoid, as defined by the expres- 
sion of Leu 4, Leu 12, or Leu 11. In the “lymph” window, 
75% of the cells were lymphoid, whereas 25% were erythroid. 
This was confirmed by FACS sorting and morphological 
analysis (data not shown). Because cells that were unreactive 
with either FITC or PE antibodies (box in Fig 2, lymph) 
constituted <0.5% of all cells within windows R and L (Fig 
1), >99% of the cells that lie within these light-scattering 
windows were identifiable as either erythroid or lymphoid. 

Common leukocyte antigen {H Le-1} is lost during ery- 
throid development. The common leukocyte antigen 
(T200, identified by anti-HLe-1) was reported to be 
expressed on all leukocytes, including hematopoietic progeni- 
tor cells, but not mature RBCs.'° The relationship between 
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Table 1. Differential Morphological Cell Counts of Normal Human Bone Marrow Cells Sorted by Their Light-Scattering Properties 


Lymph Blast Gran 
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Windows * RBC 

Experiment} | H Hl 
Proportion in window} 28 31 18 1 
Cell type§ 

Mature erythrocyte 77 63 39 

Erythrocyte with polychromasia 23 32 58 

Orthochromatic normoblast 0 0 <1 

Polychromatophilic normobiast 0 0 <1 

Basophilic normoblast 0 0 <4 

Erythroblast 0 0 <1 

Small lymphocyte 0 1 <4 5 

Lymphoblast 0 0 <1 3 

Plasma cell 0 0 0 

Monocyte 0 0 0 

Monobiast 0 0 <4 

Mature neutrophil 0 0 0 

Band 0 0 0 

Metamyelocyte 0 0 0 

Myelocyte 0 0 <1 

Promyelocyte 0 0 <4 

Myeloblast 0 0 <4 

Eosinophil 0 0 0 

Basophil 0 0 0 


i iH | jj 


26 26 5 4 7 24 14 37 
6 6 2 4 1 0 G 0 
0 0 0 0 0 0 G 0 

46 6 1 8 4 Q 2 0 

13 11 9 20 13 0 1 Q 
8 0 11 9 10 Q 9 0 
2 1 27 12 26 0 0 0 

20 24 0 0 4 0 0 Q 
0 52 0 0 4 Q Q 0 
0 0 5 Q 2 0 G o 
0 0 0 4 5 3 Q 0 
0 0 0 10 30 0 6 0 
0 0 0 0 0 0 1 23 
2 0 0 0 0 25 76 67 
1 0 0 0 Q 46 13 9 
0 0 0 5 G 10 0 1 
0 0 0 2 0 0 ð 0 
0 0 41 26 0 13 0 0 
1 0 0 0 0 3 G 0 
1 0 1 0 0 0 7 0 





Lymph, lymphoid cells; Blast, blasts identified by light scattering: Gran, granulocyte. 

*Cells were sorted based on their light-scattering properties as illustrated in Fig 1. 

t Three replicate experiments using different bone marrow preparations were completed. 

tThe proportion of cells that was classified in the windows expressed as a percentage of all ceils. 

§Cytocentrifuge slides were prepared from the sorted cell populations. These slides were stained with Wright's stain, and differential counts were 


made of the cell preparations. 


the loss of HLe-1 and the acquisition of glycophorin A by 
erythroid cells during erythroid maturation offered a poten- 
tial means to characterize the early stages of erythroid cell 
development. The bivariate analysis of normal bone marrow 
cells stained with antiglycophorin-PE and anti-HLe-1-FITC 
is shown in Fig 3. The correlation between the two antigens 
for all cells in normal bone marrow is shown in the “ungated” 
panel (Fig 3); for cells gated in the light-scattering windows 
identified in Fig 1 corresponding to windows R (RBC), L 
(lymph), and G (gran), it is shown in the other panels. 
Glycophorin* erythroid cells were easily distinguished from 
the HLe-1~ lymphocytes in the RBC and lymph gates (Fig 3 
as compared with Fig 2). As expected, no glycophorin* cells 
were identifiable in the gran window. 

The rather heterogeneous population identified as blasts 
by light scattering (Fig 1B) had a more complex relationship 
between glycophorin and HLe-1 (Fig 4). A population of 
strongly glycophorin* cells was clearly identifiable (Gly- 
co***, Fig 4). These Glycot** cells expressed equivalent 
amounts of glycophorin as the mature erythrocytes found in 
the RBC light-scattering window. In addition, a small popu- 
lation of cells had intermediate amounts of glycophorin. 
These Glyco* cells had higher quantities of cell surface 
HLe-1 antigen than did most of the Glyco* ** cells (Fig 4). 

The glycophorin™ cells could be subdivided into two 
populations which differed threefold in quantitative HLe-1 
expression (“HLe-1**” v “HLe-1***”, Fig 4). The HLe- 
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cells had more right-angle scatter signal than did the 
Glyco*** cells. Therefore, the data were reanalyzed with the 
blast window divided into upper and lower sections based on 
the right-angle scatter signals of the cells (dashed line in Fig 
1B). The immunofluorescence of cells in the upper portion of 
window B is shown in the upper panel of Fig 4, whereas the 
staining of cells that were in the lower portion of window B 
are shown in the lower panel. The Glyco*** cells and the 
Glyco* cells were predominantly in the lower portion of the 
blast window (Fig 1B). Very few cells that expressed glyco- 
phorin were found in the upper blast window. The remainder 
of the cells in the lower window were glycophorin” and 
expressed intermediate quantities of HLe-1 (Glyco”, HLe- 
I**, Fig 4). The glycophorin™ cells that were brightly 
labeled with HLe-1 (Glyco”, HLe-1***) were the predomi- 
nant cell population in the upper portion in window B. 

From these data, the cells exhibiting light-scattering 
parameters corresponding to window B, Fig 1, (which could 
not be delineated by the combination of antiglycophorin and 
antilymphoid markers) could be subclassified into four 
groups, based on the expression of glycophorin and HLe-1. 
Three populations were predominantly within the lower 
window of the blast gate (Glyco***, Glyco*, and Glyco~, 
HLe-1**). The upper blast window contained cells of the 
fourth population (Glyco-, HLe-1***). 

Transient expression of transferrin receptor. Trans- 
ferrin receptor has also been reported to be expressed on 
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Fig 2. Discrimination between erythroid and lymphoid celis. 
The marrow cells were labeled with antiglycophorin FITC and a 
mixture of anti-Leu-4 (CD3), anti-Leu-11 (CD16), and anti-Leu-12 
(CD19), all conjugated to phycoerythrin. The immunofiuorescence 
of cells that had light scattering properties in windows R and L of 
Fig 1 are shown in (A) and (B), respectively. These two types of 
cells could be distinguished by cell surface antigens into two 
mutually exclusive groups. Less than 0.5% of the cells with 
light-scattering characteristics of either RBC or lymph were within 
the box denoted in (B), indicating that very few cells were negative 
for both of these fluorochromes. 


early erythroid cells but is also expressed on other cell 
lineages.''??- > The correlations between the expression of 
transferrin receptor and HLe-1 on normal marrow cells are 
shown in Fig 5. A population of cells was identifiable which 
expressed neither the transferrin receptor nor HLe-1. As 
shown in Fig 5, all these transferrin receptor”, HLe-1~ cells 
had light-scattering properties in the RBC window and thus 
were erythrocytes. The majority of the cells within this 
light-scatter window, however, were transferrin receptor’, 
but were very dim for HLe-1 expression. A few HLe-1 
brightly labeled (lymphoid) cells could be identified within 
this population. The cells that had light-scattering character- 
istics within the lymph window fell into two populations 
based on transferrin receptor and HLe-! expression. The 
HLe-1 bright fraction (lymphoid, as shown in Fig 3) did not 
express transferrin receptor. In contrast, all the other cells in 
the lymph window expressed low amounts of HLe-1 (pre- 
dominantly normoblasts, as shown above) and large quanti- 
ties of the transferrin receptor. 

The correlations between transferrin receptor and HLe-|! 
for cells within the blast window are also shown in Fig 5. The 
cell populations identified here are very similar to those 
identified by correlating antiglycophorin with anti-HLe-l 
(Fig 4). The cells that expressed higher amounts of HLe-! 
than did granulocytes also expressed transferrin receptor. By 
comparison with those in Fig 4, these latter cells were 
predominantly glycophorin . 
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on normal marrow. The multiple populations identified in the 
ungated pane! could be identified by gating the data based on the 
light-scattering characteristics shown in Fig 1. The bright glyco- 
phorin* cells were in the RBC and lymph (lymphocyte) windows 
but not in the gran (granulocyte) window. Note that the intensity 
of HLe-1 expression was different for celis in the lymph and the 
gran windows.’ 


Correlation of expression of transferrin receptor and 
glycophorin. The same bone marrow population was simul- 
taneously studied with PE-conjugated antitransferrin recep- 
tor and FITC-conjugated antiglycophorin (Fig 6). The gly- 
cophorin® cells within the RBC window (erythrocytes) were 
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Fig4. Correlation between 
glycophorin and HLe-1 expres- 
sion of cells within window 8, 
Fig 1. This “blast” light-scat- 
tering window was further 
divided into “upper” and “‘low- 
er“ portions (dashed line, Fig 
1). Four populations were evi- 
dent: {a} Bright glycophorin® 
cells (Glyco’**), predomi- 
nantly in the lower window; {b} 
dim glycophorin’ cells (Gly- 
co’), also in the lower fraction: 
Ic) glycophorin”, HLe-1-inter- 
madiate labeled cells (HLe-1°", 
GLYCO’) (lower fraction): {d} 
gtycophorin’, HLe-1 bright 
celis (Glyco, HLe-1°**) (upper 
fraction). 
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Fig 5. Correlation between transferrin receptor and HLe-1 
expression on normal bone marrow gated by light-scattering 
characteristics. Transferrin receptor and glycophorin expression 
were very similar when correlated with HLe-1 (as compared with 
Fig 3). The cells that expressed neither transferrin receptor nor 
HLe-1 were within the RBC light-scattering window. A positive 
correlation existed between transferrin receptor and HLe-1 
expression, evident in the ungated” panel. 


sorted into two populations based on transferrin receptor 
expression (Table 2). Erythrocytes with polychromasia were 
more plentiful in the population that expressed transferrin 
receptor. The relative proportion of cells comprising these 
two populations varied from one sample preparation to 
another. Because mature erythrocytes lacked transferrin 
receptor, the contamination of the marrow sample with 
mature blood cells increased the population that expressed 
glycophorin but not transferrin receptor. Sorting experi- 
ments also showed that all the glycophorin*, transferrin 
receptor* cells in the lymph window were predominantly 
nucleated erythroid precursors (Table 2). In comparison, the 
transferrin receptor”, glycophorin™ cells were almost exclu- 
sively lymphocytes. 

The complex correlation between transferrin receptor and 
glycophorin expression on cells in the blast window is also 
shown in Fig 6. There were cells that expressed high levels of 
transferrin receptor and glycophorin on their cell surfaces, 
cells that expressed neither antigen, and a continuum of cells 
that connected these two populations. The cells in this 
window were arbitrarily classified into groups as shown by 
the boxes in Fig 6. Table 3 presents the proportion of the total 
marrow cells in each of these populations and the morpholo- 
gies of these subsets. The cells that were most strongly 
positive for both glycophorin and transferrin receptor (Fig 6, 
blast region A) were exclusively of the erythroid lineage and 
were mostly normoblasts. The cells with intermediate 
amounts of glycophorin and transferrin receptor (Fig 6, blast 
region B) were identifiable erythroblasts. The cells that had 
slightly lower quantities of transferrin receptor but no glyco- 
phorin (Fig 6, blast region C) also contained mainly erythro- 
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Fig6. Correlation between transferrin receptor and giycopho- 
rin expression on normal bone marrow. Two populations of 
glycophorin® celis could be identified in the RBC window based on 
transferrin receptor expression. These two populations as well as 
the two mutually exclusive populations identified in the lymph 
window were sorted for morphological examination (Table 2}. The 
glycophorin and transferrin receptor expression of the cella within 
the “blast” light-scattering window showed a convex shape. Cells 
were sorted from each of the five boxes for morphological 
examination (Table 3), and for the enumeration of progenitor cells 
(Table 4). 


Table 2. Differential Morphological Counts of Normal Human 
Bone Marrow Sorted by Light Scattering, Transferrin Receptor, 
and Glycophorin Expression 





este ETE T dd 








Windows * RBC Lyrnph 
FFR~ TFR+ TER TFR-. 
Antigen expression t Glyco+ Glyco+ Ghyco-- Glyco+ 
Proportion in windowt 17 3 15 1 
Cell type§ 
Mature erythrocyte 80 52 1 ři 
Erythrocyte with polychro- 
masia 20 42 0 18 
Orthochromatic normeablast 0 6 0 60 
Polychromatophilic normo- 
biast 0 0 0 14 
Basophilic normoblast 0 0 0 5 
Erythroblast 0 0 o i 
Small lymphocyte 0 9 37 $ 
Large lymphoid 0 Q 62 Q 











TFR, transferrin receptor; Glyco, glycophorin; Lymph, fyrnphoid cells. 

*Normai human bone marrow cells stained with antitransferrin recep- 
tor and antiglycophorin were sorted based on both light-scattering 
properties and immunofluorescence. The light-scattering windows. RBC, 
and lymph, are illustrated in Fig 1. 

}The immunofiuorescence criteria used to sort the cells are shown in 
the boxes illustrated in Fig 6. 

The proportion of celis classified within the sorting windows is 
expressed as a percentage of ail ceils. 

§Cytocentrifuge slides were prepared from the sorted celj fractions 
and differential morphological counts were made after Wright's staining. 
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Table 3. Differential Morphological Counts of Blast Celis From 
Normal Human Bone Marrow Sorted by Light-Scattering. 


Transferrin Receptor, and Glycophorin Expression 
Windows * A B C D +E 


3.2 0.8 0.5 4.8 





Proportion in windowt 


Cell typet 
Erythrocyte 10 
Orthochromatic normoblast 20 
Polychromatophilic normoblast 29 
Basophilic normobiast 10 
Erythroblast 30 9 
Undifferentiated blast 
Small lymphocyte 
Large lymphocyte 
Plasma cell 
Monocyte 
Mono/Myelobast 
Band 
Metamyelocyte 
Myelocyte 
Basophilic myelocyte 
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*Normal human bone marrow cells stained with both antitransferrin 
receptor and antiglycophorin were sorted based on both light-scattering 
and immunofluorescence properties. Blast celis, as illustrated in Fig 1, 
were classified into four groups based on immunofluorescence staining as 
shown in the boxes in Fig 6. For the morphological studies, the ceils in 
boxes D and E were combined. 

+ The proportion of cells classified in the sorting windovs is expressed 
as a percentage of total cells. 

t¢Cytocentrifuge slides were prepared from the sorted fractions and 
differential counts were made of the Wright’s-stained slides. 


blasts, but in addition included morphologically “undifferen- 
tiated” blasts with large distinctive myeloperoxidase-positive 
red granules. The cells that were negative for both trans- 
ferrin receptor and glycophorin (Fig 6, blast regions D, E) 
were mostly blasts, predominantly of the granulocytic and 
monocytic lineages. 

The populations identified in Fig 6 were sorted and tested 
for their ability to form colonies in vitro (Table 4). Cells that 
were bright for both transferrin receptor and glycophorin 
could not form erythroid colonies (Table 4, window A). Cells 
within the other windows contained erythroid colony-form- 


LOKEN ET AL 


ing cells with different degrees of enrichment. The greatest 
enrichment for erythroid colonies on a per-cell basis was 
found in windows B or C depending on the experiment. 
Between 20% and 30% of the cells sorted could form 
erythroid colonies. The majority of erythroid colony-forming 
cells were found in window D, however. These cells had 
slightly elevated amounts of transferrin receptor but did not 
express glycophorin. The granulocyte-macrophage colonies 
were found almost exclusively in windows D and E in two 
experiments, but were found in windows B through C in a 
third experiment. Surprisingly, CFU-E were not clearly 
separated from BFU-E by transferrin receptor and glycopho- 
rin expression. These two colony-forming cell types, opera- 
tionally defined in these experiments by colony morphology 
at day & v day 14 of culture, were therefore relatively 
heterogenous in their transferrin receptor and glycophorin 
levels. 

Nucleic acid content of erythroid cells. The last stages 
of erythroid development are characterized by the loss of the 
nucleus end subsequent loss of RNA-containing reticulum. 
These steps were identified by quantifying the nucleic acid 
content of the cells using propidium iodide (PI), which 
intercalaies with both double-stranded DNA and double- 
stranded RNA.**’ To use this nucleic acid stain, bone 
marrow cells were first labeled with fluorescent monoclonal 
antibodies and were then fixed with paraformaldehyde. 
After the cell membranes were permeabilized with deter- 
gent, the cells were stained for nucleic acid content. 

The correlations between PI staining (on a logarithmic 
scale) ard immunofluorescence, identified by either anti- 
transferr'n receptor or anti-HLe-1, are shown in Fig 7. 
Three cell populations were identified by their different 
intensities of PI staining in Fig 7A, when an irrelevant (goat 
anti-mouse IgG FITC) antibody was used. The transferrin 
receptor’ cells (Fig 7B), included a strongly P1* population 
and a population with intermediate intensity of PI staining. 
This population of cells with intermediate staining of PI 
expressed low amounts of HLe-1 (Fig 7C). This intermediate 
amount of PI staining was shown to be a result of double- 
stranded RNA (rather than DNA) by the loss of staining 
after these cells were treated with ribonuclease A (Fig 7D). 
These reticulocytes were distinguished from platelets, which 


Table 4. Progenitor Cell Assays of Normal Human Bone Marrow Celis Sorted by Light Scattering, 
Transferrin Receptor, and Glycophorim Expression 


Experiment* t H 


OOOO N ne 


Window +t A B/C D/E A B C D E 


Proportion 
inwindowt 1.5 2.0 7.4 1.8 0.2 0.2 4.2 


CFU-E|| 0O 343 115 0 10 350 90 29 
BFU-E O 14 8 0 0 28 7 4 
CFU-C a) 38 7 a0 22. Se o Be 


1.5 07 02 0.4 4.4 





A B C D E A B C D E 


2.1 —& 02 0.3 28 1.1 


3 0 585 172 79 — 749 552 271 13 
8) 0 35 20 11 — 100 82 0 0 


0 0 0 75 165 — 9 2 132 29 


nee neta tet tetetettietttntnntntttettttntntttt ALC 


*Four replicate experiments were completed. 


+Normai bone marrow cells stained with antitransferrin receptor and antiglycophorin were sorted based on both light-scattering and immunofluores- 
cence properties. The blast cells, Fig 1, were divided into five fractions based on glycophorin and transferrin receptor expression as shown in the boxes in 
Fig 6. In experiment |, cells in boxes B and C as well as D and E were combined and assayed together. 

{The proportion of celts classified into the sorting windows are expressed as a percentage of total cells. 


Sin experiment IV, fraction A was not assayed. 


|The progenitor cells were assayed as described in the Materials and Methods section. The number of colonies is expressed per 2,000 cells sorted. 


Tin experiment li, the cells were not assayed for CFU-C. 
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Fig 7. Discrimination of marrow populations based on nucleic 
acid content. Bone marrow cells were reacted with antitransferrin 
receptor FITC {B.D}, anti-HLe-1 FITC (C), or with an irrelevant 
antibody (goat anti-mouse FITC, A). These populations were then 
stained with propidium iodide (Pi) as described in the Materials 
and Methods section. The cells in panel D were also treated with 
ribonuclease A. The population of celis with intermediate Pi 
Staining were brightly reactive with antitransferrin receptor but 
were unlabeled with anti-HLe-1. This intermediate Pi staining was 
sensitive to ribonuclease, as shown in panel D. 


also contain RNA, since the erythroid cells expressed glyco- 
phorin whereas the platelets did not (data not shown). 


DISCUSSION 


The continuous changes in characteristics associated with 
the development of hematopoietic cells can be demonstrated 
by quantitative multiparameter analysis. The correlations 
among three cell surface markers (glycophorin A, transferrin 
receptor, and HLe-1), physical characteristics, and nucleic 
acid content defined the erythroid lineage and its develop- 
mental stages. A summary of the data presented in this 
article is shown in Fig 8, in which the relative quantities of 
particular antigens are correlated with other changes charac- 
terizing erythroid maturation. This approach required multi- 
ple-parameter analysis and a large, dynamic range of quanti- 
tative detection, since the data are spread over four decades 
of intensity. 

Glycophorin expression was confirmed as a feature of the 
later stages of erythroid development (glycophorin was not 
expressed on erythroid colony-forming cells; Table 4). Glyco- 
phorin appeared at the erythroblast stage and rapidly 
reached maximum expression by the normoblast stage. Gly- 
cophorin expression was especially useful to discriminate the 
later erythroid cells from lymphoid cells, since cells of both of 
these lincages have similar light-scattering properties (Fig 
2). Once glycophorin was maximally expressed, the amount 
in each erythroid cell was remarkably constant from cell to 
cell and did not change during further maturation (Figs 3 
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Fig8. Schematic representation summarizing the characteris- 
tics of erythroid cells as they mature. The relative quantities of the 
cell surface antigens are depicted in the upper portion of the 
diagram. These antigenic characteristics can be correlated with 
cell size, morphology, nucleic acid content, and erythroid cokor- 
forming ability. 


and 6), even though erythroid cell size decreased during 
maturation.” This suggested a net increase in glycophorin 
density on the cell surface. 

The expression of transferrin receptors on erythroid cells 
preceded the expression of glycophorin. (This was indicated 
in the convex shape of the bivariate correlation between 
transferrin receptor and glycophorin shown in Fig 6.) Most 
erythroid colony-forming cells expressed low to intermediate 
amounts of transferrin receptor. Unexpectedly, we could not 
separate CFU-E and BFU-E into discrete fractions based on 
transferrin receptor/glycophorin levels, although CFU-C 
tended to have lower expression of transferrin receptor than 
did BFU-E and CFU-E. The observations by us and others 
that some erythroid colony-forming cells are apparently 
transferrin receptor” may be accounted for by quantitative, 
rather than qualitative, differences." Expression of trans- 
ferrin receptor is nearly maximal before glycophorin is 
expressed. Once erythroid cells expressed cell surface glyco- 
phorin, they were no longer able to form coionies.* Erythroid 
lineage cells expressed much higher maximal levels of cell 
surface transferrin receptor than did cells of other lineages 
(Fig 5). In addition, transferrin receptor persisted to a very 
late stage of erythroid cell development (reticulocyte). Both 
these observations may be related to the unique requirement 
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of erythroid cells for large quantities of iron needed for 
hemoglobin synthesis. This quantitative difference in trans- 
ferrin receptor expression, as well as the decrease in HLe-1 
(Fig 5), facilitated the identification of early erythroid cells 
as distinct from other lineages of cells. After the transferrin 
receptor reached maximal levels on the erythroid cell sur- 
face, its expression decreased progressively with further 
erythroid maturation, with a dramatic loss of antigen at the 
late reticulocyte stage (as defined by loss of detectable 
RNA). 

There was a parallel decrease in HLe-1 and transferrin 
receptor levels during erythroid maturation (Fig 5). The loss 
of HLe-1 during the development of erythroid cells began 
almost as soon as the cell became committed to the erythroid 
lineage. The decreased expression of the T200, common 
leukocyte antigen (HLe-1) and the increased expression of 
the transferrin receptor were very early events following the 
commitment of cells to the erythroid lineage. 

The physical characteristics of cells identified by light 
scattering also changed gradually during the development of 
erythroid cells. Cell size, as detected by forward-angle light 
scatter, decreased as the erythroid cells matured (Tables | 
and 2). No abrupt change in forward light-scattering 
occurred when erythroid cells lost their nuclei. After enu- 
cleation, right-angle light scatter increased; this may have 
resulted from the acquisition of biconcave disc morphology. 
This increase in right-angle light scattering was seen only on 
viable cells. (After paraformaldehyde fixation, mature 
erythrocytes and lymphoid cells had indistinguishable light- 
scattering properties—data not shown.) Although erythroid 
and lymphoid cells had similar light-scattering characteris- 
tics, they were clearly distinguished by their cell surface 
antigenic markers. 
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PI staining was used to measure nucleic acid content of 
erythroid cells. The loss of the nucleus from the transferrin 
receptor’, glycophorin* normoblast was easily identified by 
the decrease in PI fluorescence. After the loss of the nucleus, 
the cells still contained RNA and retained the same cell 
surface phenotype (transferrin receptor’, glycophorin”, and 
HLe-1~). These operationally defined reticulocytes next lost 
transferrin receptor, then the remainder of their RNA, to 
become mature erythrocytes (transferrin receptor”, glyco- 
phorin*, HLe-17). 

The discrete population of cells identified as reticulocytes 
(Fig 7) may be an artifact resulting from the Ficoll-Hypaque 
preparation of the bone marrow. Others have shown a 
continuous loss of RNA during reticulocyte maturation, 
which is accompanied by a change in buoyant density of the 
cells.” Therefore, one would expect the very earliest reticulo- 
cytes to be found in the buoyant fraction of the density 
gradient, whereas the later reticulocytes would sediment 
with the mature erythrocytes. This would result in the 
identification of a discrete population of early reticulocytes. 

The correlated expression of multiple cellular characteris- 
tics provided a basis for study of the progression of cells 
through a single lineage from the most immature to the 
mature cells. It will be interesting to add other markers, 
which further subdivide the development of the erythroid 
lineage, to define more precisely the progression and timing 
of cellular events during erythroid maturation. By identify- 
ing an entire lineage of cells, as we have done with the 
erythroid lineage, it is also possible to eliminate these cells 
from the study of other lineages. Thus, it is potentially 
possible to define precisely the maturational sequence of 
each lineage of cells by taking advantage of the appropriate 
cell surface, physical, and biochemical properties. 
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Heterogeneous Distribution of Transferrin Receptors on Parenchymal and 
Nonparenchymal Liver Cells: Biochemical and Morphological Evidence 


By Wolfgang Vogel, Adrian Bomford, Stephen Young, and Roger Williams 


To investigate which cells of the liver express the receptor 
for transferrin, isolated rat liver celis produced by collage- 
nase perfusion were fractionated by repeated differential 
centrifugation to produce hepatocytes (95% + 1%, mean + 
SD, n = 4) and nonparenchymal cells (97% + 1%, n = 3). 
Saturable, high-affinity binding of '*l-transferrin was dem- 
onstrated on intact cells at 4 °C, with average receptor 
numbers 20,900 + 3,160 (mean + SD, n = 4) for hepato- 
cytes and 5,500 + 1,520 (n = 3) for nonparenchymal celis. 
Total cellular receptors measured in detergent permeabil- 
ized hepatocytes were 42,000 + 18,330 (mean + SD, n = 3) 
per cell and 14,760 + 7,120 (n = 3) per cell in the 
nonparenchymal fraction. Immunocytochemical demon- 


HE LIVER HAS a central role in mammalian iron 
metabolism, containing one-third of total body iron.’ 
This is stored, mainly in the form of ferritin, in the hepato- 
cytes and to a lesser extent in the nonparenchymai cells of the 
liver,” namely Kupffer and endothelial cells. On the basis of 
biochemical evidence, it has been suggested that the uptake 
of iron into this store is mediated through the presence of a 
specific saturable binding site on the hepatocyte, the receptor 
for transferrin.” The histochemical demonstration of trans- 
ferrin receptors, by use of a monoclonal antibody on both 
parenchymal and nonparenchymal cells in human liver tis- 
sue, supports this finding.® In direct contrast to the above, 
however, Soda and Tavassoli and Kishimoto’? recently 
reported that they could demonstrate neither binding of 
transferrin-coated minibeads to parenchymal] cells in rat 
liver by electron microscopy nor binding of radiolabeled 
transferrin at 4 °C. They concluded that only hepatic endo- 
thelial cells express transferrin receptors. 

This claim has led us to reexamine the question of which 
cells in the liver express receptors for transferrin. In the 
present study, we paid particular attention to purification of 
hepatocytes from nonparenchymal cells in preparations of 
rat liver cells obtained by collagenase perfusion.’ We present 
biochemical and morphological evidence that both rat hepa- 
tocytes and nonparenchymal liver cells express the receptor 
for transferrin. 


MATERIALS AND METHODS 


Cell preparations. Liver cells were obtained from male Wistar 
rats (200 to 250 g) using Berry and Friend’s collagenase (type IV, 
Sigma, Poole, UK) perfusion method’ modified as described.* After 
filtering through a nylon mesh, the total cell suspension was immedi- 
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stration of transferrin using antitransferrin, peroxidase 
antiperoxidase complex confirmed that both cell types 
bound transferrin. There was heterogeneity of the staining 
reaction since there was no detectable staining on 40% of 
hepatocytes and 60% of nonparenchymal cells. Microden- 
sitometric analysis of the staining product corroborated 
the biochemical evidence that hepatocytes have, on aver- 
age, more than three times more transferrin receptors 
than do nonparenchymal cells. These findings support the 
concept that the hepatocyte has a central role in the 
uptake and storage of transferrin iron. 

è 1987 by Grune & Stratton, Inc. 


ately transferred to 4°C and was kept at this temperature during 
further processing. Siliconized glassware and prechilled plastic tubes 
were used. The total cell yield was between 650 and 720 x 10° cells 
per liver, and the viability was 98%, as judged by trypan blue 
exclusion. To prepare nonenzymatically separated hepatocytes, open 
fine-needle aspiration biopsies of livers'® in ether-anesthetized rats 
were performed. Approximately 10% hepatocytes were obtained from 
a biopsy and washed three times in Hanks’ buffered salt-solution 
(HBSS) containing 1% (wt/vol) bovine serum albumin (BSA) at 
37°C. The cells were then spun onto slides and processed as 
described later for cells obtained by collagenase perfusion. 

The total cell suspension from a collagenase-perfused liver was 
centrifuged at 50 g for 2 minutes in ice-cold HBSS containing 1% 
(wt/vol) BSA, and the supernatants were pooled.'’ The pellets were 
resuspended in wash buffer. These centrifugations were carried out 
up to 10 times. The final pellet was kept at 4 °C after resuspension. 
The collected supernatants were further centrifuged for 2 minutes at 
50 g to remove the remaining hepatocytes, and the pellet obtained by 
centrifuging these at 700 g for 7 minutes was layered onto a 
discontinuous iso-osmotic Percoll (Pharmacia, Milton Keynes, 
Bucks, UK) gradient at a concentration of 10 x 10° cells/15 mL of 
gradient. The gradients were prepared by adding the required 
volume of phosphate-buffered saline (PBS), (285 mOsm 1~' pH7.4) 
to give Percoll solutions of densities 1.08, 1.075, 1.065, 1.055, and 
1.045 g/mL. After centrifugation at 800 g for 50 minutes at 4 °C in 
a MSE Mistral Coolspin using a swing-out rotor, the fractions 
between 1.055 and 1.075 g/mL" were collected and washed three 
times in wash buffer by spinning at 500 g for 7 minutes. 

Assessment of cellular composition. Aliquots (5 x 10%cells) of 
the well-mixed suspensions of purified cell preparations were spun 
onto slides after the separation process, using a Shandon Cytospin 2 
at 350 rpm for 15 minutes, air-dried, fixed in cold acetone, and 
stained with hematoxilin. A total of 2,000 cells from high-power 
fields representing central and peripheral areas of two specimens of 
each fraction were examined on a Leitz 20 EB microscope fitted with 
eyepiece praticules. Hepatocytes and nonparenchymal cells could 
easily be distinguished by their typical size and morphology.” 
Kupffer cells were identified by staining for their endogenous 
marker enzyme peroxidase’* according to Graham and Karnov- 
skzy.'° 

Proteins. Transferrin was purified from pooled human and 
pooled rat plasma to which ferrous ammonium sulphate was added 
to iron-lcad the transferrin. A modification of the method of Okada 
and colleagues'® was used, in which the ammonium sulphate frac- 
tions precipitated between 35% and 75% saturation were desalted by 
extensive dialysis against distilled water and chromatographed at 
4°C on a column (gel bed, 2 x 60 cm) of diethylaminoethy! 
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(DEAE)-Sepharose (Pharmacia), using a linear 50- to 350-mmol/L 
gradient of Tris/HC1, pH8. The pink fractions were pooled, concen- 
trated by ultrafiltration, and reapplied to the column using a 50- to 
160-mmol/L Tris gradient as before. Fractions with A470/A410 
ratios of > 1.0 were pooled and rechromatographed to yield fractions 
of ratios of > 1.3. This procedure gave a single protein peak in the 
case of human transferrin and two distinct peaks with rat trans- 
ferrin. These rat isotransferrins, previously characterized as Tf, and 
Tf,,* were present in a ratio of ~2:1, respectively. The major 
isotransferrin Tf, from three separate preparations of rat transferrin 
was used in the present study. These isotransferrins have been 
previously shown to donate iron equally to the liver and other tissues 
in the rat.” 

The diferric transferrins were radiolabeled with I (Amersham 
International, Bucks, UK) using solid-phase lactoperoxidase as 
previously described,'* and the iron saturation of the proteins was 
confirmed after iodination by polyacrylamide gel electrophoresis 
(PAGE) in 6 mol/L of urea.'® Specific activities of the labeled 
proteins ranged from 500 to 900 cpm/ng. To prepare ‘I-labeled 
apotransferrin, the labeled diferric species were dialyzed at 4 °C 
against three changes of 0.1 mol/L of sodium citrate/acetic acid, pH 
4.5, followed by exhaustive dialysis against deionized double- 
distilled water, 

Binding assays. Binding assays on intact cells were performed 
by adding cells to HBSS 1% BSA containing I-labeled transferrin 
in a final 0.5-mL vol in flat-bottomed polystyrene tubes. The tubes 
were gassed with 95% O,/ 5% CO, and incubated with shaking for 90 
minutes at 4 °C. Parallel incubations were performed with at least 
100-foid excess of unlabeled human transferrin to estimate nonspe- 
cific binding. The cells were washed three times in ice-cold PBS by 
centrifuging at 500 g at 4 °C and were counted in a y counter. 

To determine the binding affinities of '**I-labeled diferric human 
and rat transferrins to the rat transferrin receptor, rat reticulocytes 
were produced by phenylhydrazine injection’? and 2 + 0.5 x 10° 
washed reticulocytes were added to each tube; 0.1 to 20 ug/mL of 
‘I-labeled transferrin was added, as was unlabeled transferrin 
when indicated. In some experiments, “I-labeled rat and human 
apotransferrins were used. The binding buffers contained 100 umol/ 
L of desferrioxamine (Ciba Pharmaceuticals, Horsham, Sussex, 
UK) to maintain the proteins in the iron-free form.'? Because 
apotransferrin binds with lower affinity to the transferrin receptor 
than does the diferric species, a higher concentration of the labeled 
proteins (1 to 200 ug/mL) was used in the binding studies to ensure 
saturation of the receptor." 

The binding of diferric transferrin to liver cells was performed by 
incubating 1.8 + 1.0 x 10° nonparenchymal cells, or 2 + 0.25 x 10° 
parenchymal cells to each tube with 0.1 to 20 ug /mL of '*I-human 
transferrin. Alternatively, in experiments to evaluate receptor num- 
ber in a competitive setting, a fixed amount (~2,500 cpm) of 
'**]-diferric human transferrin, labeled to high specific activity 
(~5,000 cpm/ng) was added to each tube. An increasing amount of 
unlabeled human or rat transferrin (up to 0.5 mg/mL) was added, 
and the incubations were carried out at 4°C for 90 minutes with 
shaking. Cells were washed in PBS and counted as before. 

Total cellular receptor number (the sum of membrane and 
intracellular receptors), was determined on detergent-solubilized 
cell extracts.” Six to 12 x 10° cells were dissolved in 1.2 mL of PBS 
containing 0.1% (vol/vol) Triton X-100 (Sigma) and 1 mmol/L of 
phenylmethylsulfonyl fluoride (Sigma) and centrifuged at 12,000 g 
for 15 minutes at 4°C. The supernatant was divided into 0.2-mL 
aliquots in 1.5-mL microcentrifuge tubes, and 20 yg of unlabeled 
human transferrin was added to two of these. After 15 minutes at 
22 °C, 0.3 mL of 0.1 mol/L of Tris/citrate pH 5, containing 0.1% 
(wt/vol) BSA, 0.1% (vol/vol) Triton X-100, and 200 ng of '*I- 
human transferrin (diferric) was added to all tubes. These were 
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incubated for 30 minutes at 37°C, and the transferrin—-receptor 
complex was precipitated by the addition of 0.8 mL of polyethylene 
glycol 6,000 (12% wt/vol) in 0.1 mol/L of Tris/citrate pH 5.0 
containing human y-globulin (0.1% wt/vol) for 30 minutes at 4 °C. 
The tubes were centrifuged at 12,000 g for 15 minutes at 4 °C, and 
the supernatant and precipitate were counted in a y counter. 

Immunoperoxidase technique. Cytospin monolayer cell prepa- 
rations of the mixed postperfusion population and purified prepara- 
tions of parenchymal and nonparenchymal cells were air-dried, fixed 
in cold acetone for 20 seconds,” and further processed as described 
by Faulk and co-workers,” modified for the indirect immunoperoxi- 
dase method at 4 °C. Endogenous peroxidase was blocked by incuba- 
tion with 1.5% H,O,-PBS (vol/vol) for 30 minutes; incubation with 
transferrin (0.53 mg/mL) was carried out for 30 minutes, followed 
by two washes in PBS for 15 minutes. To prevent nonspecific 
background staining, the specimens were then incubated with 20% 
normal swine serum (Dakopatts, High Wycombe, Bucks, UK) for 10 
minutes. Because human transferrin binds to the rat transferrin 
receptor with higher affinity than does the native protein (described 
in Results section), we used human transferrin and a specific 
heat-inactivated (30 minutes at 56 °C) antiserum against human 
transferrin raised in rabbits” at the highest possible dilution. Radia! 
immunodiffusion and immunoelectrophoresis™ indicated that this 
antiserum was specific for human transferrin and failed to react with 
rat transferrin. Control incubations were performed with: (a} puri- 
fied rat transferrin as ligand, (b) with human apotransferrin in PBS 
containing 100 umol/L of desferrioxamine’® (Ciba) as ligand, (c) 
without transferrin, and (d) without antibody. Commercially avail- 
able bridging antibody and peroxidase—antiperoxidase (PAP}-com- 
plex were used in recommended dilutions (Dakopatts). The peroxi- 
dase reaction was performed with 0.5% (wt/vol) 3’-3’-DAB (Sigma) 
Tris-HCI pH 7.8 solution for 2 minutes at room temperature. H,O, 
was added to a final concentration of 0.5% (vol/val) just before use. 

Microdensitometric quantitation. The colored product of the 
peroxidase reaction on a specimen containing the mixed parenchy- 
mal—nonparenchymal cell populations was quantitated with a Vick- 
ers M85 scanning and integrating microscope. Absorbance at 430 
nm was measured with a x 40 objective, spot size 1 (0.5m in diameter 
in the optical plane of the specimen), field size of 25m for parenchy- 
mal cells or 10m for nonparenchymal cells. Under these conditions, 
single cells of randomly chosen clusters throughout the specimen 
were evaluated after the microscope was calibrated as described.” 
The absorption expressed in arbitrary machine units was corrected 
for the slide-background, which was assessed by scanning a cell-free 
area of the specimen. 


RESULTS 


Comparison of binding of human and rat transferrins to 
the rat transferrin receptor. To distinguish between recep- 
tor-bound ligand and endogenous transferrin in the immuno- 
cytochemical staining of liver cells, we occupied the cellular 
receptors with human diferric transferrin and recognized this 
with a polyclonal anti-human transferrin antiserum that did 
not react detectably with rat transferrin. For this reason, 
experiments were performed first to characterize the binding 
of '*I-human transferrin to the rat transferrin receptor and 
then to compare this with the binding of iodinated rat 
transferrin. Equilibrium binding experiments were per- 
formed at 4 °C using rat reticulocytes and '*I-human difer- 
ric transferrin and '*"I-rat diferric transferrin as ligands. As 
shown in Fig 1, in which the data from a representative 
experiment have been plotted according to the method of 
Scatchard,” human transferrin (K, 4.7 x 10° 1 mol~') bound 
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Fig 1. Comparison of the binding of human and rat transferrin 
to rat reticulocytes. Rat reticulocytes were produced by phenylhy- 
drazine injection and incubated (2 x 10° cells/0.5 mL of Hanks’ 
Balanced Salt Solution, 1% bovine serum albumin) with up to 10 
ug/ml of '*I-labeled human or rat transferrin for 90 minutes at 
4°C in air, 5% CO,. Non-specific binding was estimated in the 
presence of 100-fold excess of unlabeled human or rat transferrin, 
respectively. Cells were washed three times in phosphate- 
buffered saline (PBS) at 4°C and counted in a y counter. The 
binding data for human transferrin (O) K,, 4.6 x 10° 1/mol '; and 
rat transferrin (@) K,, 1 x 10° 1/mol ` were plotted according to 
the method of Scatchard.” 


to the rat transferrin receptor with an affinity nearly 5 times 
higher than that of the homologous transferrin (K, 1 x 10° 1 
mol~'). Similar numbers of receptors were recognized by the 
two transferrin species. Three preparations of human trans- 
ferrin purified from different batches of serum bound with 
consistently higher affinity (K, 6.5 + 2 x 10° 1 mol"', 
mean + SD) than that of three preparations of rat trans- 
ferrin (K, 0.9 + 0.4 x 10° 1 mol`’). Confirmation of this 
difference in the affinity of binding was obtained from 
experiments in which a fixed amount of '*I-human diferric 
transferrin was added to rat reticulocytes, and unlabeled 
human or rat transferrin was used to compete for binding. 
Fifty percent inhibition of binding was achieved by concen- 
trations of 6.9 + 2.6 x 10-* mol/L and 4.3 + 2.8 x 107 
mol/L (mean + SD, n = 3) with human and rat transferrin, 
respectively. 

The differential in binding affinity was not present, how- 
ever, in the case of the iron-free proteins, since both human 
(K, 2.9 + 3.3 x 10° 1 mol”'; mean + SD, n = 3) and rat (K, 
2.5 + 2.4 x 10°* 1 mol~') apotransferrins demonstrated very 
low affinity for the receptor. 

Cell purification. The total yield of hepatocytes 
obtained by collagenase perfusion was reduced by differen- 
tial centrifugation to 30% + 6% (mean + SD, n = 3). 
Recovery of nonparenchymal cells from the Percoll gradients 
after three washings varied between 30% and 50% of the cell 
number applied. The initial cell viability of >98% was 
decreased slightly by the separation procedure but remained 
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at 95%. The purity of the cell suspension used for the 
receptor assays was 95% + 1% (mean + SD, n = 4) for 
hepatocytes and 97% + 1% (mean + SD, n = 3) for 
nonparenchymal cells. This latter fraction contained 30% + 
3% (mean + SD, n = 3) mononuclear cells positive for 
endogenous peroxidase. 

Immurocytochemical demonstration of transferrin bind- 
ing. Inall preparations of liver cells, human transferrin had 
bound to hepatocytes and nonparenchymal cells, as shown by 
the antibody-mediated PAP staining of both types of cell 
(Fig 2). The staining product on the hepatocytes (H in Fig 2) 
and nonparenchymal cells (NP in Fig 2) was granular and 
distributed over the cells. The staining reaction was regarded 
as specific since (a) preincubation of the specimen with 
purified rat transferrin, (b) omission of the human trans- 
ferrin, or (c) omission of antibody to human transferrin 
abolished the staining. Furthermore, when human apotrans- 
ferrin was used as ligand, under conditions to ensure that it 
remained iron-free,'* staining was also abolished. Figure 2 
shows that there was individual variation in the staining of 
the hepatocytes since the cells in the lower part of the Fig 2 
showed granular staining whereas those in the upper part 
demonstrated minimal staining. This heterogeneity was fur- 
ther investigated by staining preparations of purified hepato- 
cytes and nonparenchymal cells. As shown in detail in the 
following section, 60% of hepatocytes (Fig 3a) showed 
granular staining of variable intensity, with the remaining 
cells showing diffuse, very weak staining. In nonparenchymal 
cells, staining was seen on 30% to 40% of the cells, with the 
remaininz cells showing very weak staining (Fig 3b). This 
heterogeneity of staining of hepatocytes was also seen on 
cells that had not been exposed to collagenase and that had 
been produced by fine-needle liver biopsy. Figure 4 shows 
two views of such a preparation. 

Microdensitometry. To provide an objective comparison 
of the intensity of the color products on nonparenchymal cells 





Fig 2. Anti-human transferrin antibody peroxidase—anti- 
peroxidase (PAP)-stained preparation of mixed rat liver cells 
(postperfusion). Hepatocytes (H) and nonparenchymal cells (NP) 
can easily be identified by their different size and shape. Staining 
reaction varies between neighboring hepatocytes, suggesting dif- 
ferences in transferrin binding. Leitz photomicroscope, x 40 objec- 
tive, liford Pan F, original magnification; current magnification 
x19. 
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Fig 3. Anti-human transferrin antibody peroxidase—anti- 
peroxidase (PAP)-stained preparations for purified (A) hepato- 
cytes and (B) nonparenchymal celis. Hepatocytes and nonparen- 
chymal cells show individual variation in staining intensity, with a 
subgroup of both cell types showing minimal staining. 


(n = 380) and hepatocytes (n = 350), a preparation of mixed 
cells was scanned using a microdensitometer. An estimate of 
the absorbance due to nonspecific staining and light scatter- 
ing was obtained by evaluating 20 cells of each type on a 
control slide from which the antitransferrin antibody had 
been omitted during the processing. As shown in the histo- 
gram (Fig 5) 150 nonparenchymal cells and 205 hepatocytes 
gave absorbance values greater than those obtained from 
cells on the control slide. In the nonparenchymal cells, values 
ranged from 5 to 35 machine units, whereas values in the 
hepatocytes ranged from 15 to 130 machine units. Compari- 
son of the range of absorbance for the two groups using the 
Mann-Whitney test™ showed that they were significantly 
different (P < .001). 
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Fig 4. Anti-human transferrin antibody peroxidase—anti- 
peroxidase (PAP)-stained preparation (two views) of hepatocytes 
not exposed to collagenase and produced by fine-needle liver 
biopsy. Heterogeneity of staining intensity of individual celis is 
seen (original magnification x 25; current magnification x 12). 


Binding of '**I-human transferrin to hepatocytes and 
nonparenchymal cells. Because of the evidence that difer- 
ric human transferrin binds with high affinity to the rat 
transferrin receptor, this ligand was used in a series of 
experiments to investigate the binding of transferrin to 
purified preparations of hepatocytes and nonparenchymal 
cells. There was saturable binding of '**I-transferrin at 4 °C 
to cells of both fractions (Fig 6) with saturation occurring at 
>12.5 nmol/L of transferrin. Scatchard analysis” of the 
data (Fig 7) showed that '*I-transferrin bound to 20.900 + 
3,160 (mean + SD, n = 4) sites per cell on parenchymal cells 
with a K, of 2.6 + 0.8 x 10° 1 mol`’ (mean + SD, n = 4). In 
the nonparenchymal cell fraction transferrin bound to 
5,500 + 1,520 (mean + SD, n = 3) sites per cell with a K, of 
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Fig 5. Frequency diagram of the microdensitometric absorb- 
ance (430 nm) of anti-human transferrin antibody peroxidase- 
antiperoxidase (PAP) on random clusters of (A) nonparenchymal 
cells and (B) hepatocytes; 380 nonparenchymal cells and 350 
hepatocytes were scanned. When the absorbance values were 
corrected for nonspecific staining, 40% of the hepatocytes and 
60% of the nonparenchymal celis gave no measurable absorbance. 
Shown are the values for the remaining cells giving detectable 
absorbance. 
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Fig 6. Concentration-dependent binding of human ‘**I-trans- 
ferrin to purified (A) hepatocytes and {B} nonparenchymal celis at 
4°C. Up to 3 x 10° cells were incubated in 0.5 mL of Hanks’ 
balanced salt solution, 1% bovine serum albumin with 0.1 to 20 
pg/ml of transferrin for 90 minutes under air, 5% CO,. Cells were 
washed three times in phosphate-buffered saline at 4°C and 
counted in a y counter. Specific binding (@) was calculated by 
correcting total binding for nonspecifically bound counts (O) 
determined in the presence of 100-fold excess of unlabeled 
transferrin. 


3.3 + 1.9 x 10° 1 mol`! (mean + SD, n = 3). At saturation, 
nonspecific binding was 15% of the total binding in the 
parenchymal cell fraction and 20% of that in the nonparen- 
chymal cell fraction. To investigate transferrin binding sites 
in a competitive setting, '*I-human transferrin was added to 
purified parenchymal and nonparenchymal cells and either 
unlabeled human or rat transferrin was used to compete for 
binding. As shown in Table 1, similar numbers of binding 
sites were detected using this procedure as compared with 
the method used in Fig 7, with approximately four times 
more binding sites demonstrated on parenchymal cells than 
on nonparenchymal cells. 

The above studies using intact cells at 4°C provide an 
estimate of the number of transferrin binding sites present on 
the external plasma membrane. To estimate the total num- 
ber of receptors, assays were performed on extracts of cells 
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Fig 7. Scatchard” analysis of the binding data shown in Fig 6. 
in the experiment shown, the slope (K,) for the hepatocytes {CO} is 
equal to 3.4 x 10° 1/mol”', and the value of the intercept with the 
abscissa indicates that 16.2 x 10° molecules of transferrin were 
associated with each cell. For the nonparenchymal liver celis (@} 
the slope is 5.1 x 10° 1/mol”' and the number of molecules bound 
was 3.8 x 10° per cell. 
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Table 1. Transferrin Binding Sites on intact Calls at 4 °C 


Competing Ligand* Parenchymal Nonparenchymail 
Human 14,300 + 6,700 3,560 + 1,820 
Rat 22,100 + 4,320 4,700 + 1,760 


Data are expressed as mean + SD binding sites per cell. Cells were 
derived from three perfusions and fractionated by differential centrifuga- 
tion as descvibed in the Materials and Methods section. 

*A fixed amount of '*°l-differic human transferrin was added, and 
unlabeled transferrin (O to 0.5 mg/mL} was added to compete for 
binding. 


that had >een solubilized in a detergent buffer. This treat- 
ment permeabilizes the cells and renders intracellular recep- 
tors available for binding as well as those present on the cell 
membrans. With this technique, transferrin bound to 
42,000 + 18,330 (mean + SD, n = 3) sites per cell in the 
parenchymal fraction and 14,760 + 7,120 (n = 3) sites per 
cell in the nonparenchymal fraction. 


DISCUSSION 


The use of differential centrifugation'' and colloidal silica 
(Percoll) gradient centrifugation” enabled us to prepare 
highly purified preparations of parenchymal and nonparen- 
chymal cells from rat liver perfusates. This treatment is 
unlikely to have altered the characteristics of the cells 
significantly since they retained high viability (> 90%) in 
both fractions and previous work”? has shown that Percoll 
does not change the surface properties of isolated liver cells. 

The hepatocyte is well established as the major site of 
transferrin synthesis’; to avoid cross-reaction between 
endogenous transferrin and the antitransferrin antibody’' 
used during the immunocytochemical localization of recep- 
tor-bounc ligand, we used human transferrin to occupy the 
receptors and its antibody, which did not react detectably 
with rat transferrin. Evidence for the specificity of this 
system came from the finding that staining could be abol- 
ished by cccupying the receptors with rat transferrin and also 
by using 1uman apotransferrin as ligand since at physiologic 
pH the iron-free form of transferrin has low affinity for its 
receptor. *? Because of this dependence on human trans- 
ferrin, experiments were performed to characterize and 
compare the binding of human and of rat transferrin to the 
receptor on rat reticulocytes. Equilibrium binding experi- 
ments indicated that diferric human transferrin bound with 
high affirity to the rat receptor; furthermore, it bound with 
higher affinity than did rat transferrin. This difference in 
affinity was confirmed by the finding of at least a tenfold 
difference in the concentration of human (6.9 x 107° mol/L) 
and rat (4.3 x 10°’ mol/L) diferric transferrin required to 
displace 50% of "I-labeled human transferrin from rat 
reticulocytes. In contrast, both human and rat apotransfer- 
rins bourd with an affinity ~1 order of magnitude less than 
the diferric proteins. This finding is in agreement with 
previous data showing very low binding affinity between the 
homologeus apotransferrin and rabbit reticulocytes’? and rat 
liver cells.* 

The present study provides morphological and biochemi- 
cal evidence that human transferrin bound to receptors on 
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parenchymal as well as on nonparenchymal cells of rat liver. 
Intensity of staining showed individual variation, however, 
due to the specific binding of transferrin, as assessed visually 
and by microdensitometry, suggesting that some hepatocytes 
could express several times more receptors than the average 
number found using the radio-binding assays. The average of 
20,000 surface receptors is in agreement with a previous 
report from this laboratory’? in which hepatocytes that had 
not undergone extensive purification to rid the parenchymal 
cells of contaminating nonparenchymal cells were used and 
rat transferrin was the ligand. The amount of transferrin 
bound in the present study, in which the titrations were done 
at 4 °C, was ~50% that reported previously for rat hepato- 
cytes*” in which the analyses were performed at 37 °C. At 
the lower temperature, only surface receptors are occupied 
by ligand, whereas at 37 °C, endocytosis occurs and the full 
cellular complement of receptors is occupied.” Confirmation 
of the presence of a large intracellular pool of transferrin 
receptors in hepatocytes, as has been described for other 
types of receptor such as that for asialoglycoproteins,* was 
obtained from binding assays performed on permeabilized 
cells. This method showed that the total receptor number was 
> 40,000 per cell. 

Approximately 35% of the cells in the nonparenchymal 
fraction were peroxidase positive (Kupffer cells), a propor- 
tion similar to that observed in the intact liver,'* and it is 
likely that the separation techniques used here produced a 
representative population of nonparenchymal cells. Al- 
though we cannot comment at this stage on the distribution 
of transferrin receptors on different subpopulations of non- 
parenchymal cells, it is of interest that ~60% of these cells 
showed negligible binding of transferrin, suggesting (as with 
the hepatocytes) that an individual cell could have more 
receptors than the average found on this mixed population 
(surface ~5,000; total ~15,000) using the biochemical 
assays. 

Despite the differences in receptor numbers expressed by 
the parenchymal and nonparenchymal cells, both bound 
transferrin with high affinity and similar association con- 
stants, which suggests that the cells express the same type of 
receptor. The values for the association constants obtained 
fall within the range reported for a variety of cultured cell 
lines**? as well as normal cells.” 

The finding that parenchymal cells have approximately 
three times the number of surface and total receptors as 
nonparenchymal cells is corroborated by the immunocyto- 
chemical demonstration of the binding of transferrin to the 
two cell types. Although the technique of microdensitometry 
cannot be used for the absolute quantitation of ligand 
binding, a comparison of the median absorbance range of the 
color reaction suggests that approximately three times more 
transferrin was bound by hepatocytes than by nonparenchy- 
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mal cells. We interpret the data showing heterogeneity of the 
color reaction between individual hepatocytes as indicating 
differences in receptor densities and the absence of trans- 
ferrin binding to a proportion of hepatocytes and nonparen- 
chymal cells as indicating that some cells express so few 
receptors that they are not detected by the techniques used 
here. Although transferrin receptors are maximally 
expressed by proliferating cells,’ this is unlikely to be the 
cause of receptor heterogeneity among hepatocytes, because 
the proportion of cells in the liver undergoing cell division is 
very small.” The heterogeneity may reflect different roles in 
iron metabolism of hepatocytes from different parts of the 
lobule, as has been shown for other hepatic functions.” 
Despite a recent claim to the contrary,” selective proteolytic 
damage to the transferrin receptors is unlikely since the 
perfusion buffers included a trypsin inhibitor’ and hetero- 
geneity of staining was also seen on mechanically separated 
hepatocytes that had not been exposed to proteases. A study 
of the distribution of ferritin among individual hepatocytes 
would be of interest since it has been shown recently that 
there is an inverse relationship between the concentration of 
ferritin protein and expression of transferrin receptors by 
cultured human cells.” 

Our results do not substantiate the claim of Kishimoto and 
Tavassoli that transferrin receptors are expressed only by the 
nonparenchymal and specifically the endothelial cells of rat 
liver. This conclusion was based on their finding that '**I-rat 
transferrin-coated minibeads failed to bind to isolated rat 
hepatocytes but were apparently specifically bound by endo- 
thelial cells. The uptake of minibeads could be a reflection of 
the accessibility of transferrin receptors on the different cell 
types since the membrane of endothelial cells is smooth, 
permitting access of immobilized ligand to its receptor. This 
contrasts with the more irregular membrane of the hepato- 
cytes and Kupffer cells, which could compromise accessibil- 
ity of ligand immobilized on relatively large beads. As 
discussed above, more recent claims by those workers that 
surface transferrin receptors are damaged by collagenase“ 
are also unlikely, as we found that receptors were detectable 
on hepatocytes isolated by collagenase perfusion as well as by 
mechanical means. The concentration of '*°I-transferrin 
required to achieve saturable binding to liver cells in the 
studies of Kishimoto and Tavassoli was in excess of |] 
umol/L, which is in contrast to the results of the present 
study and to the experience of many workers using crude 
suspensions of hepatocytes** and cultured cells in 
which saturation was achieved in concentrations ~| order of 
magnitude less. 

In conclusion, our finding that hepatocytes express, on 
average, three to four times more receptors than do nonpar- 
enchymal cells supports the concept that the hepatocyte has 
a central role in the uptake and storage of transferrin iron. 


REFERENCES 


1. Munro HN, Linder MC: Ferritin structure: Biosynthesis and 
role in iron metabolism. Physiol Rev 58:317, 1978 

2. Van Wyk CP, Linder-Horowitz M, Munro HN: Effect of iron 
loading on non-heme iron compounds in different liver cell popula- 
tions. J Biol Chem 246:1025, 1971 


3. Young SP, Aisen P: The interaction of transferrin with isolated 
hepatocytes. Biochim Biophys Acta 633:145, 1980 

4. Young SP, Aisen P: Transferrin receptors and the uptake and 
release of iron by isolated hepatocytes. Hepatology 1:114, 1981 

5. Thorstensen K, Romslo I: Albumin prevents non-specific 


270 


transferrin binding and iron uptake by isolated hepatocytes. Biochim 
Biophys Acta 804:383, 1984 

6. Gatter KC, Brown G, Trowbridge IS, Woolstone RE, Mason 
DY: Transferrin receptors in human tissue: Their distribution and 
possible clinical relevance. J Clin Pathol 36:538, 1983 

7. Soda R, Tavassoli M: Liver endothelium and not hepatocytes 
or Kupffer cells have transferrin receptors. Blood 63:270, 1984 

8. Kishimoto T, Tavassoli M: Endothelial binding of transferrin 
in fractionated liver cell suspensions. Biochim Biophys Acta 846:14, 
1985 

9. Berry MN, Friend DS: High-yield preparation of isolated rat 
liver parenchymal cells. J Cell Biol 43:506, 1969 

10. Lautenschlager I, Hockerstedt K, Taskinen E, Alonen J, 
Korsback C, Salmela K, Orko R, Scheinin B, Scheinin T, Hayry P: 
Fine-needle aspiration cytology of liver allografts in the pig. Trans- 
plantation 38:330, 1984 

11. Doolittle RL, Richter GW: Isolation and culture of Kupffer 
cells and hepatocytes from single rat livers. Lab Invest 45:558, 
1981 

12. Page DT, Garevey JS: Isolation and characterisation of 
hepatocytes and Kupffer cells. J Immunol Methods 27:159, 1979 

13. Wisse E, Knook DL: The investigation of sinusoidal liver 
cells: A new approach for the study of liver function. In Popper H, 
Schaffner F (eds): Progress in Liver Disease. Orlando, FL, Grune & 
Stratton 1979, p 153 

14. Wisse E: Observations on the fine structure and peroxidase 
cytochemistry of normal rat liver Kupffer cells. J Ultrastruct Res 
46:393, 1974 

15. Graham RC, Karnovsky MJ: The early stages of absorption 
of injected horseradish peroxidase in the proximal tubes of mouse 
kidney: Ultrastructural cytochemistry by a new technique. J Histo- 
chem Cytochem 14:291, 1966 

16. Okada S, Jarvis B, Brown ED: In vivo evidence for the 
functional heterogeneity of transferrin bound iron. V. Isotransfer- 
rins: An explanation of the Fletcher-Huehns phenomenon in the rat. 
J Lab Clin Med 93:189, 1979 

17. Huebers H, Huebers E, Csiba E, Finch CA: Iron uptake from 
rat plasma transferrin by rat reticulocytes. J Clin Invest 62:944, 
1978 

18. Young SP, Bomford A, Williams R: The effect of the iron 
saturation of transferrin on its binding and uptake by rabbit reticulo- 
cytes. Biochem J 219:505, 1984 

19. Young SP, Bomford A, Williams R: Dual pathways for the 
uptake of rat asialotransferrin by rat hepatocytes. J Biol Chem 
258:4973, 1983 

20. Louache F, Testa U, Pelicci P, Thomopoulos P, Titeux M, 
Rochant H: Regulation of transferrin receptors in human haemato- 
poietic cell lines. J Biol Chem 259:11576, 1984 

21. Walker WS, Beller RHJ, Buckley PJ, Melvin SL, Shing-Erh 
Y: Some fixation reagents reduce or abolish the detectability of 
Ja-antigen and HL-DR on cells. J Immunol Methods 67:89, 1984 

22. Faulk WP, Hsi B, Stevens PJ: Transferrin and transferrin 
receptors in carcinoma of the breast. Lancet 2:390, 1980 

23. Liebman A, Aisen P; Distribution of iron between the binding 


VOGEL ET AL 


sites of transferrin in serum: Methods and results in normal human 
subjects. Blood 53:1058, 1979 

24. Hudson L, Hay FC: Practical Immunology (ed 2). Oxford, 
Blackwell, 1980, p 93 

25. Chayen J: Microdensitometry, in Slater TF (ed): Biochemical 
Mechanisms of Liver Injury. London, Academic Press, 1978, p 257 

26. Smith MT, Redick JA, Baron F: A comparison of microdensi- 
tometric analysis of unlabelled antibody peroxidase-antiperoxidase 
staining and of microfluorimetric analysis of indirect fluorescent 
antibody staining for nicotinamide adenosine dinucleotide phosphate 
{NADPH)-cytochrome c (P-450} reductase n rat liver. J Histochem 
Cytochem 32:1183, 1983 

27. Scatchard G: The attraction of proteins for small molecules 
and ions. Ann NY Acad Sci 51:660, 1949 

28. Moses LE, Emerson JD, Hosseini H: Analysing data from 
ordered categories. N Engl J Med 311422, 1984 

29. Pertoft H, Rubin K, Kjellen L, Laurent TC, Klingborn B: 
The viability of cells grown or centrifuged in a new density gradient 
medium, Percoll. Exp Cell Res 110:449, 1977 

30. Morgan EH, Peters T: Intracellular aspects of transferrin 
synthesis and secretion in the rat. J Biel Chem 246:3508, 1971 

31. Vassy J, Rissel M, Kraemer M, Foucrier J, Guillouzo A: 
Ultrastructural indirect immunolocalisation of transferrin in cul- 
tured rat hepatocytes permeabilized with saponin. J Histochem 
Cytochem 32:538, 1984 

32. Clechanover A, Schwartz AL, Dautry-Varsat A, Lodish HF: 
Kinetics of internalization and recycling of transferrin and the 
transferrin receptor in a human hepatoma cell line. J Biol Chem 
258:2285, 1984 

33. Klausner RD, van Renswoude J, Ashwell G, Kempft C, 
Schechter A, Dean A, Bridges KR: Receptor-mediated endocytosis 
of transferrin in K562 cells. J Biol Chem 258:4715, 1983 

34. Steer CJ, Ashwell G: Studies on a mammalian hepatic 
binding protein specific for asialoglycoproteins, evidence for recep- 
tor recycling in isolated rat hepatocytes. J Biol Chem 255:3008, 
1980 

35, Hamilton TA, Weiel JE, Adams DO: Expression of the 
transferrin receptor in murine peritoneal macrophages is modulated 
in the different stages of activation. J Immunol 132:2285, 1984 

36. Trowbridge IS, Omary MB: Human cell surface glycoprotein 
related to cell proliferation is the receptor for transferrin. Proc Natl 
Acad Sci USA 78:3039, 1981 

37. Sutherland R, Delia D, Schneider C, Newman R, Kemshead 
J, Greaves M: Ubiquitous cell-surface glycoprotein on tumour cells 
is proliferation-associated receptor for transferrin. Proc Natl Acad 
Sci USA 78:4515, 1981 

38. Post J, Huang C, Hoffman J: The replication time and 
pattern of the liver cell in the growing rat. J Cell Biol 18:1, 1963 

39. Novikoff AB: Lysosomes, in Arias I, Popper H, Schachter D, 
Shafritz DA (eds): The Liver, Biology and Pathology. New York, 
Raven Press, 1982, p 9 

40. Kishimoto T, Tavassoli M: Recovery of transferrin receptors 
on hepatocytes membrane after collagenase perfusion. Biochem 
Biophys Res Commun 134:711, 1986 


Human Acute Unclassified Leukemia With a Unique t(4;17) Chromosomal 
Translocation Expresses T Lymphoid and Myeloid Surface Antigens 
After In Vitro Culture 


By Arnold Ganser, Gerhard Heil, Thomas Bohm, Claus R. Bartram, Anand Raghavachar, 
Felix Carbonell, and Dieter Hoelzer 


Bilineage differentiation along both the T lymphoid and the 
myeloid lineage while in in vivo diffusion chamber (DC) and 
in vitro suspension culture was observed in a case of acute 
unclassified leukemia (null-AL) and t(4;17). Prior to culture, 
the blast cells were TdT and la positive but did not express 
any lineage-specific antigenic markers. Furthermore, the 
immunoglobulin heavy chain and T cell receptor 8-chain 
genes were in germline configuration. Cytogenetically, all 
metaphases had the unique translocation t(4;17) (q25:q23) 
prior to and after culture, supporting the leukemic origin of 
the cells. During both DC culture and suspension culture 
with and without tetradecanoyli-phorbol-acetate (TPA), a 
substantial increase in the absolute and relative number of 
cells expressing both myeloid and T lymphoid antigenic 


EVERAL recent reports have shown that in rare 
instances acute leukemic blast cells may express mor- 
phological, cytochemical, immunologic, or molecular genetic 
features of both the T lymphoid and one of the myeloid 
lineages.'* Rapid conversion from a T lymphoid to a myeloid 
phenotype during treatment further supported the hypothe- 
sis that in some of these cases the leukemia arose from a 
multipotent stem cell capable of both lymphoid and myeloid 
differentiation.‘ 

We report a case of null-AL with the unique karyotype 
46,XY,t(4;17) that originally did not exhibit any features of 
commitment. The cells were capable, however, of expressing 
markers of the myeloid and T lymphoid lineage after diffu- 
sion chamber (DC) and suspension culture without and with 
| 2-O-tetradecanoyl-phorbol-acetate (TPA). 


MATERIALS AND METHODS 


Patient, On initial examination, a 64-year-old man had a leuko- 
cyte count of 400,000/uL with 98% blasts. His bone marrow was 
packed with blast cells. The blasts were negative for myeloperoxi- 
dase, a-naphthyl acetate esterase (ANAE), periodic-acid Schiff 
(PAS), and acid phosphatase. They were TdT positive but negative 
for lineage-specific surface markers. The diagnosis of null-AL was 
made. The patient died of cerebral leukostasis 1 week after an initial 
dose of 2 mg of vincristine intravenously (IV) and 35 mg of 
prednisolone three times daily orally. 

Cells. After informed consent was given by the patient, leu- 
kemic blast cells were isolated from the peripheral blood by separa- 
tion on a Ficoll-Hypaque gradient (1.077 g/mL) enriching the 
percentage of blast cells to >99%. The cells were cryopreserved in 
10% dimethylsulfoxide at — 196°C in liquid nitrogen prior to the 
present studies. 

Diffusion chamber technique. The DC technique has previously 
been described.’* In brief, DC filled with 7.7 x 10° cells were 
implanted into CBA/Ca mice that had been given 7.5 Gy whole 
body X-irradiation. The chambers were harvested by shaking for 30 
minutes in 0.5% pronase B (Merck, Darmstadt, FRG) in buffered 
Hank’s solution to liquefy the clot. The resulting single-cell suspen- 
sion harvested from 8 to 14 chambers at each interval was pooled. 
Smears were made for differential counts, and the remaining cells 
were used for immunological analysis. Cells to be used for surface 
marker analysis after being harvested from DC were further incu- 
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markers occurred. Double-fluorescence analysis demon- 
strated the expression of antigenic markers of both lin- 
eages on the same population of cells, and electron micros- 
copy revealed the induction of myeloperoxidase after both 
DC and suspension culture. Immunoglobulin heavy chain 
and T cell receptor -chain genes remained in germline 
configuration after treatment with TPA, when analyzed 
with JH and CT, probes. respectively. These findings 
indicate that this case represents a nuli-AL with dual- 
lineage capabilities, which has probably arisen from the 
malignant transformation of a bipotential stem cell of 
lymphoid and myeloid progeny. 

¢1987 by Grune & Stratton, Inc. 


bated in Iscove’s modified Dulbecco’s medium (IMDM) supple- 
mented with 5% heat-inactivated fetal calf serum (FCS) (Conco 
Laboratories, Wiesbaden, FRG) for 2 hours at 37 °C in 5% CO,. 
The incubation in pronase needed for harvesting the chamber cells 
had no effect on the expression of the antigens examined and 
evaluated in the present experiments, as tested with positive and 
negative controls. 

Suspension culture. The leukemic cells were cultured in vitro 
for 3 and 6 days at | x 10° cells/mL in RPMI-1640 supplemented 
with 50 umol/L of 2-mercaptoethanol, 10% heat-inactivated FCS, 2 
mmol/L of glutamine, and antibiotics at 37°C in a 5% CO, 
humidified atmosphere. TPA (Sigma, St Louis) dissolved in ethanol 
at 10°° mol/L was stored at — 20 °C and diluted in culture medium 
just before use to give a final concentration of 5 x 10°? mol/L. The 
final concentration of ethanol in the control cultures was <0.1%. At 
the end of the incubation period, aliquots were taken for enumera- 
tion of viable cells by trypan blue exclusion and for phenotypic 
analysis. 

Phenotypic analysis with antibodies. Phenotypic analysis was 
performed with the cells settled onto glass slides coated with 
poly-L-lysin.’ Attached cells were fixed for 7 minutes in glutaralde- 
hyde (0.05% in 0.1 mol/L of phosphate buffer, pH 7.4) at 4 °C 
followed by 10 minutes in 0.3 mol/L of glycine buffer. The celis were 
then tested with monoclonal antibodies against differentiation anti- 
gens of the various cell lineages: OKIal against HLA-DR": the T 
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cell markers CD7[{T,gp41)WT-1,'' CDi[Thy,gp45,12]OKT6,” 
CD3{T,gp19-29]OKT3," CD4[T,gp56-62]OKT4,”" CD8[T,gp32- 
33]OKT8": the myelomonocytic markers CDw13{M,G,U]MY-7,” 
CDw14[M,gp55] MY-4,? MY-9,"" CDw15[G,CHO]B4.3," 
B13.9,'° VIM-2,'° and OKMI"’; the markers CD10 common acute 
lymphoblastic leukemia antigen (CALLA) [nT-nB,gpi00]J5'* and 
BA-3'°; the B lineage-associated markers CD19,B4,” pan B,” CD24 
([p45,55,65]BA-1,” CD9[nT-nB,p24]BA-2,” and a monoclonal 
antibody against IgM (P.M. Lansdorp, unpublished observations); 


the stem cell marker RFB-1, also reactive with pre-T cells“; a 


megakaryocytic marker C17.28 directed against platelet glycopro- 
tein Ila”; an erythroid marker VIE-G4 against glycophorin,”* 
B3/25”’ against the transferrin receptor; Tac against the interleu- 
kin-2 (IL-2) receptor, CD25,” and the pan-leukocyte marker T29/ 
33.. The antibodies B4.3, B13.9, anti-lgM, and C17.28 were 
provided by P.M. Lansdorp, Amsterdam; VIM-2 and VIE-G4 by W 
Knapp, Vienna; RFB-1 was provided by M.P. Bodger, Auckland; 
WT- by W. Tax, Nijmegen, and Tac was provided by T.A. 
Waldmann, Bethesda, MD. OKIal, OKT3, OKT4, OKT6, OKT8, 
and OKMI were purchased from Ortho Pharmaceutical, Raritan, 
NJ: MY-4, MY-7, MY-9, J-5, and B4 from Coulter, Hialeah, FL; 
BA-3, BA-1, BA-2, B3/25, and T29/33 from Hybritech, San Diego; 
and panB from Dakopatt, Copenhagen. The cluster designations 
(CDs) are those recommended at the First and Second International 
Workshops on Human Leukocyte Differentiation Antigens.” 

Binding of antibodies to target cells was revealed by the immu- 
noalkaline phosphatase method” using goat~anti-mouse Ig coupled 
to alkaline phosphatase (Sigma, 1:40) as second antibody. Isotype- 
identical nonreactive mouse monoclonal antibodies served as con- 
trols. Cytoplasmic » chains were detected by a modification of the 
method of Vogler and colleagues” using a monoclonal antibody 
against u chains (P.M. Lansdorp, Amsterdam) and the alkaline 
phosphatase antialkaline phosphatase (APAAP) technique. Re- 
agents used as sandwich antisera in the APAAP technique consisted 
of the goat~anti-mouse Ig coupled to alkaline phosphatase (Sigma, 
1:20) and the APAAP complex from the mouse (Dakopatts). TdT 
was assayed by a modification of the method of Bollum.”? The 
reagents for the terminal deoxynucleotidyl transferase (TdT) assay 
were purchased from BRL (Gaithersburg, MD); 200 cells were 
examined in each test. 

Double-fluorescence analysis. Double-fluorescence immuno- 
logic phenotyping was done prior to and after DC and suspension 
culture, using the antibodies VIM-2, WT1, and OKT6. Cells were 
first labeled with the myeloid antibody VIM-2 and counterstained 
with TRITC-conjugated, affinity-purified F(ab’), fragment goat- 
anti-mouse IgM (u chain-specific, dilution 1:20; Zymed Laborato- 
ries, Wiesbaden, FRG), followed by incubation with the T lymphoid 
markers WTI or OKT6 and counterlabeling with FITC-conjugated, 
affinity-purified F (ab’), fragment goat~anti-mouse IgG (Zymed). 
The fluorescence of the cells was examined under a Leitz microscope 
with epifluorescent illumination and equipment for the dual- 
wavelength method; 200 cells were examined in each test. 

Cytogenetic analysis. Cytogenetic analysis was performed 
before and after DC and suspension culture as already described,” 
using GTG-banding. 

Immunoglobulin heavy chain and T cell receptor B chain gene 
rearrangements. DNAs were extracted from mononuclear cells 
after Ficoll-Hypaque centrifugation by standard techniques. DNA 
15 ug was digested with appropriate restriction enzymes (Boehringer 
Mannheim), electrophoresed on a 0.7% agarose gel, and blotted and 
hybridized as described.’ A-DNAs were included as mol wt 
markers. BglII digests were hybridized to a JH probe (Oncor, 
Gaithersburg, MD), which detects a 5.0-kilobase (kb) heavy chain 
Ig gene germline fragment. Bam HI digests were hybridized to a C,6 
probe (Oncor) that detects a 23-kb germline band of the T cell 
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receptor 8 chain gene. Probes were handled under P2EK1 contain- 
ment according to the National Institute of Health Guidelines for 
research involving recombinant DNA molecules. After hybridiza- 
tion, the fitters were washed under stringent conditions and exposed 
to XAR-S film (Kodak) using Dupont Lightning-Plus intensifying 
screens for 12 to 48 hours at — 70 °C. 

Electroa microscopy. Ultrastructural analysis for the detection 
of peroxidase was done on cells that were either unfixed” or fixed in 
glutaraldehyde” prior to incubation in 3’-3’-diaminobenzidine 


(DAB) and H,O,. For controls, either DAB or H,O, was omitted 


from the incubation mixture. The processing for transmission elec- 
tron microscopy was carried out as described by Polli and 
colleagues.*? Sections were viewed unstained according to usual 
procedures. 

In situ aybridization. According to published protocols,” chro- 
mosomes were treated with RNAse and denatured in 70% forma- 
mide/2x SSC at 70 °C for 2 minutes. Probes were nick-translated 
using “H-dCTP and *H-dTTP (NEN, Boston) to a specific activity 
of 1.9 x 10’ cpm ug™', denatured for 5 minutes at 70°C in 50% 
formamide/2x SSC/10% dextran sulfate and hybridized for 12 
hours at 37°C; slides were rinsed in 50% formamide/2x SSC 
followed by extensive washings in 2x SSC and exposed to Kodak 
NTB 2 emulsion for 10 days at 4 °C, developed, and stained with 
quinacrine mustard. The probe used was a 1.8-kilobase (kb) EcoRI 
p53 cDNA clone (p53-H13).” 


RESULTS 


Prior to in vitro culture, the leukemic blast cells did not 
express lineage-specific markers but were positive for OKIa 
and the stem cell marker RFB-1. The T cell marker WT-] 
was positive in <5% and the myeloid marker MY-7 was 
positive in <15% of the cells. Morphologically, the blast cells 
were undifferentiated, with occasional to moderate numbers 
of nuclecli. The cytochemical reactions were negative; ultra- 
structurally, no myeloperoxidase or platelet peroxidase was 
detectable (Figs la and 2a). The cells were TdT-positive, 
however. Southern blot analysis of the immunoglobulin and 
the T cell receptor genes showed no rearrangement within 
the immunoglobulin x gene and the T cell receptor @ chain 
sequences covered by the probes used (Fig 3). Cytogenetic 
analysis revealed a t(4;17)(q25;q23) translocation in all 25 
metaphases analyzed (Fig 4). After hybridization of human 
p53 sequences to 43 metaphases, 153 grains were observed on 
chromosomes. The distribution of the silver grains was 
uniform and random on all chromosomes, except for specific 
signals {P < .001) on chromosomes 17 (18 grains v 2.4 
grains expected) and 17q+ (21 grains v 3.1 expected); 21% 
of grains clustered on region 17p13 on both chromosomes. 

The cells were cultured using two different types of culture 
systems. During DC culture, the total number of cells 
increased substantially, rising from 3.85 x 10° cells/mL 
(7.7 x ¥0°/DC) to 8.5 x 10° cells/mL (17.0 x 10°/DC). 
After 14 days of DC culture, 17.8% of the cells could be 
morphologically identified as belonging to the granulopoietic 
lineage (Table 1). There was a rapid loss of the marker 
RFB-1, followed by a relative and absolute increase in the 
number of cells expressing MY-7, VIM-2, B4.3, B13.9, 
MY-4, and OKM-1 (Table 2). The cells expressing the 
T-marker WT] also increased steadily, whereas the number 
of cells reactive with OK Ia and those carrying the transferrin 
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Fig 1. Ultrastructural morphology of the blast prior to (A) and 
after (B) culture. Prior to cultures the blasts have the morphology 
of undifferentiated, lymphoblastlike cells with several prominent 
nucleoli (N) lacking morphological features of myelomonocytic 
differentiation (lead citrate stain, original magnification x 12,000; 
current magnification 9,000). After culturing, the nucleus 
becomes more indented. The enlarged cytoplasm contains many 
mitochondria and several vesicles; some contain electron-dense 
inclusion bodies (arrow in b). No azurophilic granules are visible. 
(N, nucleolus; lead citrate stain; original magnification x 10,000; 
current magnification x 7,500). 
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Fig 2. Ultrastructural cytochemistry (platelet peroxidase 
[PPO] reaction of the blast cells, unstained sections). (A) Prior to 
culture the blast cells are undifferentiated, only a nonspecific 
peroxidase reaction can be seen in the mitochondria (arrow) due 
to oxidative phosphorylation enzymes (original magnification 
x 12,600; current magnification 9,450). (B) After exposure to 
tetradecanoyl-phorbol-acetate (TPA) for 3 days, the blast cells 
developed the characteristic pattern of peroxidase activity of 
myeloblasts: reactivity is seen in the nuclear envelope, in the 
endoplasmic reticulum, and in the Golgi cisternae (arrow). The two 
large dark staining spots represent fat droplets in the cytoplasm 
{original magnification x 13,000; current magnification « 9,750). 


receptor decreased both in absolute and relative numbers 
during the culture period. 

During suspension culture, the cells retained their blast- 
like morphology; however, ~25% of the cells developed focal 
acid phosphatase positivity under either condition, whereas 
no myeloperoxidase was detected at the light microscope 
level. The number of cells staining with MY-7 (Table 3) 
increased substantially within 24 hours (data not shown). 
Another myeloid marker, VIM-2, also developed. When the 
cells were exposed to TPA, the pan-T marker WT! and the 
IL-2 receptor (Tac) were newly expressed, followed by early 
(OKT6) and late (OKT3, OKT4) T cell markers, as well as 
BA-2. A proportion of cells (25%) also became focally 
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Fig 3. Southern blot analy- 
ses of immunoglobulin heavy 
chain and T cell receptor 8 
chain rearrangements before 
(—) and after (+) suspension 
culture in presence of tetrade- 
canoyl-phorbol-acetate (TPA). 
DNAs from leukemic cells were 
analyzed for IgH and T, rear- 
rangements after digestion 
with Bgl and BamHI, respec- 
tively, using the probe indi- 
cated at the bottom of each 
blot. The numbers at the side 
of the lanes are the size of 
fragments in kilobases. 


“H CyB 
positive when stained cytochemically for acid phosphatase. 
Again no myeloperoxidase was observed at the light micro- 
scope level, however. The phenotype of the cells then was 
MY-7+, VIM-2+, BA-2+, OKT6+, OKT3+, OKT4+, 
B3/25+, OKla+ (Table 3). No B lineage-specific markers 
were expressed under any culture conditions. Simultaneous 
staining using double-immunofluorescence revealed that 
after culture with TPA both myeloid and T lymphoid 
markers were expressed on the same population of cells 
(Table 4). 

Because the cells were Tac-antigen positive after exposure 
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Table 1. Morphological Analysis of Cells Prior to and 


After DC Culture 
Duration of Nucleated Blast Immature Granulopoietic Mature Granulopoietic 
DC Culture Cells/OC Cells Celis (M, .)* Cells (M, ,)t 
(days) (x 10°*) (%) (%) (%) 
0 7.7 97.4 — = 
1 5.1 99.6 — — 
7 12.8 99.8 — — 
14 17.0 67.4 12.7 5.1 


DC, diffusion chamber. 

*M, a myeloblasts, promyelocytes, myelocytes. 

tM,_,: metamyelocytes, juveniles, band forms, segmented granulo- 
cytes. 


to TPA, :he cells were then further incubated with either 
IL-2 or concanavalin A, alone, or in combination for another 
4 days. Nd further increase in cell number was observed after 
either culture, however (data not shown). 

Ultrastructural analysis revealed that although the cells 
were negative prior to culture, >80% expressed peroxidase 
activity im the nuclear envelope, the endoplasmic reticulum, 
and the Golgi apparatus after DC culture and after suspen- 
sion culture with TPA (Fig 2b). When the cells were 
analyzed cytogenetically, only pseudodiploid metaphases 
with the karyotype 46,X Y,t(4;17) (q25;q23) were found 
after any of the various cultures. The immunoglobulin heavy 
chain and the T cell receptor @ chain gene regions remained 
in the germline configuration when probed with the 
respective probes (Fig 3), after exposure of the cells for 4 
days to TPA in suspension culture 


DISCUSSION 


Several characteristics of the cells prior to and after 
culture indicate that in this case the malignant transforma- 
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Fig4. Karyotype of unstimulated blood cells showing t(4;17) (q25:q23). 
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Table 2. immunologic Analysis of Cells Prior to and During DC Culture 
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Phenotypic Markers (%) 
Duration of R ont see i 
z T-A 

DC Culture il Mo-Ag Je 
(Days) RFB-1 BA-2 MY-7 VIM-2 MY-9 84.3 813.9 My-4 OKM-1 WT-1 B-Ag Tac 83/25 OK is 
0 45 36 15 2 O 0 (8) 0 0 4 0 Q 25 6a 
1 0 0 82 0 0 0 0 4 4 10 (8 4 47 106 
7 0 57 41 70 0 33 3 43 50 36 QO 12 32 a6 
14 21 35 98 79 38 46 22 37 96 29 22 5 4 4S 


DC, diffusion chamber. 





My-Ag: myelopoiesis-associated antigens; Mo-Ag, monocytic antigens; T-Ag, T cell-associated antigens; B-Ag: B cell-associated antigens (84, pan 
B). BA-1, VIE-G4, C17.28, cigM, SigM, J5, BA-3, OKT3, and OKT6 were negative. 


Table 3. Immunological Characteristics of the Blast Celis From Null-AL Prior to and After Suspension Culture 








Reactivity With Monoclonal Antibodies (%) 








Days in inducing Celis/mi. aE ROPE 

Culture Agent {x 10°") RFB-1 BA-2 MY-7 VIM-2 B4.3 MY-9 MY-4 OKM-1 J5 WT-1 OKT6 OKT3 OKT4 Tac B3/25 Okla 
Q ~ 10.0 45 36 15 2 0 0 0 5 0 4 0 0 Q 0 25 68 
3 — 15.0 23 23 79 72 7 0 0 6 0 35 4 2 7 19 80 g] 
6 me 38.0 7 43 61 22 0 0 10 14 0 25 12 7 12 6 73 93 
3 TPA, 5nmol/L 10.9 48 55 91 65 0 12 0 8 0 53 2 0 GO 48 Bë 94 
6 TPA, 5 nmol/l 8.8 20 79 80 40 ND 7 14 42 Q 20 45 34 51 oO 79 a7 





TPA, tetradecanoy!-phorbol-acetate. ND, not done. 


tion could have taken place in a cell capable of myeloid and T 
lymphoid differentiation: the initial expression of RFB-1, a 
marker found on hemopoietic progenitor cells and very 
immature T cells but not on B lineage cells,” the induction of 
both T lymphoid and myeloid markers, the induction of focal 
expression of acid phosphatase and, finally, the induction of 
myeloperoxidase. The occurrence of a malignant transloca- 
tion at this level has been previously postulated by the 
findings of rapid switches from T-ALL to acute myeloid 
leukemia. 3,5,6,.42 

The present case differs from previous cases of multilin- 
eage differentiation’ by the absence of differentiation mark- 
ers on the cells prior to culture. An unusual differentiation 
capacity was revealed by both the in vivo and in vitro culture 
systems, however. During DC culture, which allows matura- 
tion along the myeloid’* and lymphoid lineages,“ the cells 
not only expressed several markers of the myeloid as well as 
the T lymphoid lineages, but also partially differentiated to 
morphologically recognizable granulocytic cells. Differentia- 
tion toward the myeloid lineage was supported by transmis- 
sion electron microscopy, demonstrating the presence of 


Table 4. Expression of Myeloid (VIM-2, MY-7), T Lymphoid 
(WT-1, OKT6), and IL-2 Receptor (Tac) After Exposure to 
5 nmol/L of TPA for 72 hours as Determined by 
Double Fluorescence 





Monoctonal Antibodies Positive Cells (%) 
VIM-2 65 
MY-7 32 
VIM-2 + MY-7 65 
WT-1 14 
VIM-2 + WT-1 50 
OKTS 0 
VIM-2 + OKT6 34 
Tac 1 
VIM-2 + Tac 37 





IL-2, interleukin-2; TPA, tetradecanoy!-phorboi-acetate. 








myeloperoxidase in the blast cells after DC culture as well as 
after exposure to TPA in suspension culture.“ 

Although the induction of T cell markers, including the 
thymic marker OKT6, is very unusual and to our knowledge 
has never been found in a case of null-AL before," there 
has been a case of acute myeloid leukemia that expressed 
WT-1 before and OKT6 after in vitro culture.“ This was 
interpreted as lineage infidelity with aberrant expression of 
lymphoid surface antigens on myeloid cells; however, the 
apparent similarity to our case suggests a capacity for 
bilineage differentiation in both cases. 

Evidence that both myeloid and T lymphoid markers were 
coexpressed on a significant proportion of the blast cells was 
provided by expression of the myeloid markers MY-7 and 
OKM.-1 on nearly all and of WT-1! on about one-third of the 
cells after DC culture. Further evidence is given by the 
results of the double-labeling analysis after suspension cul- 
ture, which demonstrated the coexpression of both the 
myeloid marker VIM-2 and the T lymphoid markers WT-1! 
and OKT6 on the same blast cell population. 

Because WTI can occasionally be found on leukemic ceils 
of the myeloid lineage,” it was of importance that further 
T-cell markers OKT6, OKT3 and OKT4” were inducible by 
TPA in suspension culture. That the immunoglobulin heavy 
chain and T cell receptor @ chain gene regions remained in 
the germline configuration after exposure to TPA and that T 
cell marker appeared on the surface of treated cells indicates 
that no clonal D-J joining events occurred in these cells after 
induction of differentiation with TPA. 

The proliferation of normal cells from the peripheral bload 
is largely excluded by cytogenetic analysis before and after 
culture, by the coexpression of myeloid and T cell markers on 
the same cells, and by the expression of OKT6.” Although 
cytogenetic analysis provides the karyotype of only a small 
number of cultured cells, the remote possibility that cells 
other than those with t(4;17) could have contributed to the 
unique marker expression can be largely ruled out. This 
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would imply a rapid increase in cell number, which should 
have been detected by cytogenetic analysis. 

The observed chromosomal translocation allows a provoc- 
ative speculation about the role of chromosomes 4 and 17 in 
the present and other cases of bilineage differentiation. A 
translocation with a breakpoint on chromosome 4, ie, t(4;11), 
has been described in acute leukemia of unclassified pheno- 
type,'? in acute lymphoblastic leukemia,” and in acute 
leukemias with both myeloid and lymphoid features." In 
addition, the breakpoints on chromosomes 4 and 17 have 
both been described in a case of null-AL and variant 
translocation t(4;11;17).°© Thus, the possibility that these 
chromosome regions are of importance, perhaps related to an 
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oncogene. is intriguing. Although involvement of the gene for 
p53 could be ruled out in concordance with a recently 
published report,” the significance of the gene for erb A 
located an the long arm of chromosome 17% or the gene 
coding for IL-2 on chromosome 4° remains an area for 
further investigations. 
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Platelet Surface-Bound IgG in Patients With Immune 
and Nonimmune Thrombocytopenia 


By Wayne S. Court, Joyce M. Bozeman, Seng-jaw Soong, Mansoor N. Saleh, Denise R. Shaw, and Albert F. LoBuglio 


We quantitated the amount of platelet surface-bound IgG 
using an I monoclonal anti-IgG assay in 149 patients with 
thrombocytopenia and 260 normal donors. The normal 
subjects had 122 + 5 molecules of IgG/platelet (mean + 
SE). Fifty-five patients with nonimmune thrombocytopenia 
had 338 + 37 molecules of IgG/platelet, whereas 67 
patients with immune thrombocytopenia studied at the 
time of their initial evaluation had 4,120 + 494 molecules of 
igG/platelet. An analysis of the distribution of values in 
these two groups indicated that 90% of the patients with 
immune thrombocytopenia had >800 molecules of IgG/ 
platelet, whereas only 7% of patients with nonimmune 
thrombocytopenia exceeded this amount. The immune 
thrombocytopenic patients included 39 idiopathic, 14 sec- 
ondary, and 14 drug-induced disorders, and they did not 
significantly differ in their distribution of values for platelet 
IgG. The nonimmune thrombocytopenic patients included 
12 cases with a platelet destructive mechanism; their 


“MMUNE thrombocytopenic purpura (ITP) in adults is a 
syndrome of shortened platelet survival with reticuloen- 
dothelial sequestration. This syndrome of accelerated plate- 
let destruction appears to be mediated primarily by IgG 
antibody directed toward ill-defined platelet surface anti- 
gens.'* In the decade since Dixon and co-workers’ first 
documented elevated levels of platelet-bound IgG (PBigG) 
in patients with ITP, a variety of assay techniques for 
measuring platelet IgG has been reported.*'’ These different 
assays use various methodologies and report elevated values 
for IgG associated with platelets in ITP. Elevated values 
have also been noted in thrombocytopenia presumed to be 
due to nonimmune mechanisms, however, resulting in the 
interpretation that such values are a nonspecific finding 
unrelated to the pathophysiology of immune platelet destruc- 
tion. Recent studies have clarified the limitations 
imposed by conventional competitive binding assays, using 
calibration by soluble IgG standards”'” and the potential 
value of a direct binding assay using stoichiometric relation- 
ships. We have previously characterized and described such 
an assay using monoclonal I anti-human IgG to quantify 
platelet surface-bound IgG.”*** By means of this quantitative 
technique the amount of surface IgG displayed on the 
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platelet-bound IgG was similar to that of the other nonim- 
mune patients. Twenty-seven patients with treatment- 
resistant immune thrombocytopenia were also studied: 
they had 2.100 + 670 molecules of igG/platelet. Their 
values were significantly greater than those of the nonim- 
mune thrombocytopenic patients and not significantly dif- 
ferent frem those of immune thrombocytopenic group. 
Their distribution of values was much broader, however, 
with 33% of patients having <800 molecules of IgG/ 
platelet, suggesting possible alternate mechanisms in their 
thrombocytopenia. Thus, patients with immune thrombo- 
cytopenia have a high frequency of elevated igG on the 
platelet surface which reflects the pathophysiology of this 
disorder. Quantitation of platelet-bound IgG provides a 
useful laboratory tool in the differential betwean immune 
and nonimmune thrombocytcpenia. 

e 1987 by Grune & Stratton, inc. 


platelet surface in a large group of thrombocytopenic 
patients was analyzed. 


MATERIALS AND METHODS 


Assay for platelet surface-bound IgG. The preparation of 
monoclonal >I anti-IgG reagent as well as the standard assay 
conditions are reported in detail elsewhere. This antibody was 
originally generated by J. Donald Capra and was purchased from 
Bethesda Research Laboratory (MD), but is no longer available 
from this source. More recently, the hybridoma producing this 
antibody is available through the American Type Culture Bank 
(ATCC-HB-43), and purified antibody is commercially available. 
(Southern Biotechnology Associates, Birmingham, AL, catalogue 
no. 9040). In brief, venous blood was collected in plastic syringes and 
anticoagulated with acid citrate dextrose A. This method allows 
shipment of whole blood on wet ice with minimal effect on platelet 
IgG levels. The whole blood was centrifuged at 200 g for 20 
minutes, and the platelet-rich plasma was collected. The pH was 
adjusted te 6.5 with acid citrate dextrose A and then centrifuged at 
1,750 g for 20 minutes. The platelet button was washed three times 
in platelet-suspension buffer (Dulbecco's phosphate-buffered iso- 
tonic saline containing | g/dL of bovine serum albumin (BSA) and 4 
mmol/L of EDTA, pH 6.7). Ten million washed platelets were 
incubated with 300 ng of '* I-labeled mouse monoclonal anti-IgG in 
a total volume of 300 wh for 20 minutes at room temperature. 
Triplicate aliquots of 75 uL (2.5 x 10° platelets) were transferred to 
Percoll gradient tubes containing 250 gL of isotonic 30% Percoll in 
saline, centrifuged at 7,500 g for 5 minutes, and the tube tip 
containing the platelet button was transected with a hemostat and 
razor blade into y counting tubes. The number of '7°T monoclonal 
antibody molecules bound per platelet was calculated on the basis of 
Avogadro's number, the antibody’s specific activity, and mol wt. We 
previously showed that with these assay conditions the stoichiometry 
of the binding reaction approaches unity and that the “nonspecific” 
binding of the monoclonal anti-IgG is <5%. Thus, the number of 
molecules of platelet-bound '**I monoclonal antibody is equal to the 
number of molecules of platelet surface-bound IgG.” 

Patient characteristics. One hundred forty-nine thrombocyto- 
penic patients with at least three platelet counts <100,000/uL and 
260 normal subjects comprised the study group. Sixty-seven of the 
patients were referred for evaluation at the time of initial diagnosis 
of immune thrombocytopenic purpura based on conventional clinical 
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PLATELET IgG IN THROMBOCYTOPENIC PATIENTS 


Tabie 1. Platelet Counts and Surface-Bound IgG in 12 Patients 
With Nonimmune Destructive Thrombocytopenia 


nen: 


Platelet Count 
Patient Diagnosis * (ul) Molecules igG/Platelet 
1, JH. TTP 5,000 723 
2. RM. TTP 5,000 158 
3. TH. TTP 8,000 1,612 
4. DE. TTP 9,000 136 
5. MG. TTP 16,000 489 
6. D.S. TTP 18,000 149 
7. 4G. TTP 57.0090 423 
8. 0.0, TTP 63,000 211 
9. RM. MHA 12,000 274 
10. 40. DIC 29,000 341 
TT. LK, DIC 33,000 228 
12. CC. DIC 73,000 239 


*TTP, thrombotic thrombocytopenic purpura; MHA, microangiopathic 
hemolytic anemia; DIC, disseminated intravascular coagulation. 


criteria (adult onset thrombocytopenia with normal to increased 
megakaryocytes in the bone marrow and no other explanation for 
thrombocytopenia found). Of this group, 39 were classified as 
idiopathic, 14 were secondary (7 systemic lupus erythematous, 3 
rheumatoid arthritis, and single cases of lymphoma, infectious 
mononucleosis, Evans syndrome, and AIDS), and 14 were drug- 
induced (11 quinidine and single cases with reserpine, mezlocillin, 
and chlorpropamide). These patients were studied prior to therapy 
or after no more than 48 hours of initiation of corticosteroids. 
Fifty-five patients had thrombocytopenia that was considered non- 
immune in origin, including nonimmune destructive thrombocytope- 
nia in 12 patients (Table |), aplastic anemia in 13, acute leukemia in 
11, hypersplenism in 6, multiple myeloma in 3, metastatic cancer in 
3, hereditary thrombocytopenia in 2, sepsis in 2, renal disease in 2, 
and paroxysmal nocturnal hemoglobinuria in | patient. 

A third group of thrombocytopenic patients was classified as 
treatment-resistant ITP. These 27 patients had the criteria for 
idiopathic thrombocytopenic purpura, were treated extensively else- 
where, and were referred for evaluation because of persistent 
thrombocytopenia. All these patients had received weeks to months 
of corticosteroids, many had been splenectomized, and some had 
received immunosuppressive therapy. 

Statistical analysis. The distributions of platelet-bound IgG 
values in various groups of thrombocytopenic patients and normal 
subjects were compared. The significance of the difference between 
any two of these distributions was determined by the Wilcoxon 
two-sample test. Sensitivity and specificity were calculated as mea- 
surements of the diagnostic ability of platelet-bound IgG to discrim- 
inate immune thrombocytopenia from nonimmune thrombo- 
cytopenia. The correlation coefficient and the significance of the 
correlation between platelet counts and platelet-bound IgG values 
were calculated using Spearman's method. 
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RESULTS 


Our observations of platelet-bound IgG in various patients 
and normal groups is summarized in Table 2. In a group of 
260 normal volunteers studied for a 2-year period, the mean 
amount of platelet-bound IgG was 122 + 5 (mean + SE) 
with a median of 92 molecules of IgG per platelet. The 
highest value recorded was 400 molecules of IgG per platelet. 
The 55 patients with nonimmune thrombocytopenia had 
higher mean (338 + 37) and median (260 molecules per 
platelet) amounts of platelet-bound IgG that were signifi- 
cantly (P < .001) above that seen in normal controls by the 
Wilcoxon two-sample test (Table 3). There was a modest 
negative correlation of platelet count and platelet-bound IgG 
with a Spearman coefficient of correlation of -— 0.285 
(P = 037). 

As shown in Table 2, the patient groups of immune 
thrombocytopenia at the time of initial evaluation as well as 
the group of treatment-resistant immune thrombocytopenia 
had dramatically greater amounts of platelet-bound IgG 
than did either the normal donors or nonimmune thrombocy- 
topenic patients. The patients with idiopathic, secondary, 
and drug-induced immune thrombocytopenia did not differ 
significantly from each other in regard to platelet-bound IgG 
values (Table 3). As a group or individually, however, they 
had significantly greater amounts of platelet-bound IgG 
than did patients with nonimmune thrombocytopenia or 
normal donors (Table 3). 

Figure | examines the proportion of patients having 
various amounts of platelet-bound IgG. To differentiate 
between patients with immune thrombocytopenia v nonim- 
mune, a cutoff value of 800 molecules of [gG per plateiet 
provided the best sensitivity and specificity values. Sixty of 
67 patients with immune thrombocytopenia at the time of 
initial evaluation had >800 molecules of IgG per platelet 
(sensitivity 90%), whereas 51 of 55 patients with nonimmune 
thrombocytopenia had <800 molecules of IgG per platelet 
(specificity 93%). Values of <400 molecules of IgG per 
platelet adequately describe the population of normal donors. 
Table 2 provides a breakdown of all patient groups according 
to these cutoff values. Thus, 90% of patients with immune 
thrombocytopenia had platelet-bound IgG >800 molecules 
of IgG per platelet whereas 7% of nonimmune thrombocy- 
topenic patients had values above this cutoff, 

The group of patients with nonimmune thrombocytopenia 
included 12 patients with thrombocytopenia due to prema- 
ture destruction of platelets (nonimmune) and presumably 
increased platelet production similar to the platelet kinetics 


Table 2. Platelet-Bound igG in Thrombocytopenic Patients and Normal Donors 














Molecules of IgG per Piatelet 


Group Mean + SE Median <400 (%)} 400-800 (%)} > BOO (96) 
immune thrombocytopenia (ITP) {n = 67) 4,120 + 494 2,597 4 § 90 
idiopathic {n = 39) 4,420 + 706 2,847 8 5 87 
Secondary {n = 14) 4,896 + 096 2,597 Q 7 93 
Drug-induced (n = 14) 2,508 + 643 1,498 O 7 93 
Treatment-resistant ITP {n = 27) 2,100 + 670 1,387 15 18 67 
Nonimmune thrombocytopenia {n = 55) 338 + 37 260 69 24 7 
Normal donors (n = 260) 122 +5 92 99.6 0.4 0 
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Table 3. Significance Tests of Differences in the Distributions of 
Surface-Bound IgG Between Groups 


nananman aaeeea aeae 


Comparisons P 
Immune thrombocytopenia (ITP) 
idiopathic v secondary 579 
idiopathic v drug-induced 254 
Secondary v drug-induced .103 
immune thrombocytopenia v normal donors <.0001 
immune v nonimmune thrombocytopenia <.0001 
immune thrombocytopenia v treatment-resistant .090 
ITP 
Treatment-resistant ITP v normal donors <,0001 
Treatment-resistant ITP v nonimmune thrombocy- <,0001 
topenia 
Nonimmune thrombocytopenia v normal donors <.0001 


Wilcoxan two-sample test was used for significance testing. 


that exist in immune thrombocytopenia. As listed in Table 1, 
eight of these patients had thrombotic thrombocytopenic 
purpura. Their distribution of platelet-bound IgG was simi- 
lar to that of the other nonimmune thrombocytopenic 
patients, with 67% in the normal range (<400), 25% between 
400 to 800, and 8% (one patient) >800 molecules of IgG per 
platelet. This patient had received large volumes of plasma 
prior to referral to our institution, which may have 
influenced the result at the time of our study. 

The group of patients with treatment-resistant immune 
thrombocytopenia had all been extensively treated prior to 
referral to our institution. This is obviously a highly selected 
subgroup of immune thrombocytopenia. As a group, their 
platelet-bound IgG was significantly greater than that of 
nonimmune thrombocytopenic patients or normal donors 
(Table 3). Their amount of platelet surface-bound IgG was 
almost significantly lower than that of the group of patients 
with immune thrombocytopenia, however (P = .09). In 
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addition, ihe values for platelet-bound IgG were more widely 
distributed than those of the patients studied at the time of 
initial diagnosis (Table 2 and Fig 2). A third of these patients 
had <80C molecules of IgG per platelet, whereas some of the 
patients Fad large amounts of IgG on their platelet surfaces 
(Fig 2). 

Table 4 lists the characteristics of the patients whose 
platelet-bound IgG did not correlate with the clinical diag- 
nosis of immune yv nonimmune etiology. We were unable to 
discern any clinical parameters that characterized the 
patients with immune thrombocytopenia who had low plate- 
let antibody values as compared with their counterparts with 
elevated values, including appropriate response to therapy. 
Three of the patients with nonimmune thrombocytopenia 
had values minimally >800 molecules of IgG per platelet 
cutoff, and the fourth patient had TTP with substantial 
plasma ir fusions prior to study. 

Finally, as illustrated in Fig 3, we found no correlation 
between platelet count and platelet-bound IgG values in the 
67 patients with immune thrombocytopenia (r = — .063, P = 
612). 


DISCUSSION 


The ccntroversy regarding the amount and pathophysio- 
logic role of immunoglobulin associated with platelets from 
normal and immune thrombocytopenic patients is gradually 
being clarified. Using a variety of assay methods, most 
earlier studies suggested that normal platelets had large 
amounts of platelet-associated IgG (5,000 to 80,000 mole- 
cules per platelet) and even higher levels in immune throm- 
bocytopenia.>”” These very large and seemingly nonphysio- 
logic amounts of platelet-associated IgG have led some 
investigators to question the role of the IgG so measured in 
the pathophysiology of immune destruction. |! Some stud- 
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Fig 1. Proportion of pa- 
tients with various amounts of 
platelet surface-bound IgG in 
normal and thrombocytopenic 
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Fig 2. Platelet surface- 
bound IgG in 94 patients with 
immune thrombocytopenia. Pa- 
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ies have explored the result of differences in assay and 
calculation technique on estimates of platelet IgG. Rosse and 
colleagues?” and Blumberg and colleagues” recently sug- 
gested that anti-IgG has 40 to 80 times the affinity for 
surface-displayed IgG as compared with soluble IgG, thus 
accounting for the very high values of platelet IgG when 
competitive binding assays calibrated with soluble IgG stan- 
dards are used. Another tenable hypothesis is that certain 
assays purposely or inadvertently™ >= cause platelet lysis 
or release of canalicular entrapped plasma, resulting in 
measurement of both surface and “intracellular” IgG. In this 
regard, we used the monoclonal anti-IgG assay to demon- 
strate that the normal platelet surface displays only a few 
hundred IgG melecules but that platelet lysates have large 
amounts (20,000 to 80,000 molecules of IgG per platelet), 
comparable to results of prior reports.“ To provide truer 


Table 4. Divergent Clinical Diagnosis and Platelet-Bound 








igG Values 
Patient Diagnosis igG/Platelet Piatelet Count 
Immune thrombocytopenia 
R.S. idiopathic 251 50,000 
E.E. idiopathic 350 12,000 
M.H. idiopathic 380 38,000 
R.M. Idiopathic 671 16,000 
LW. idiopathic 702 89,000 
EH. Drug, chlorpropamide 766 22,000 
D.H. Infectious mononucleo- 790 10,0600 
sis 
Nonimmune thrombocytopenia 
J.C. Aplastic anemia 852 20,000 
J.H. Non-Hodgkin's lym- 861 26,000 
phoma 
R.W. Breast cancer, marrow 893 22,000 
metastasis 
T.H. TTP 1612 8.000 





TTP, thrombotic thrombocytopenic purpura. 
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estimates of platelet-bound IgG, certain assay techniques 
directly measure anti-IgG binding and use stoichiometric 
calculations to quantify platelet surface-bound IgG. These 
reports include the monoclonal anti-IgG assay)?” 
staphylococcal protein A assay,” and an assay using a 
polyclonal anti-IgG." All these studies demonstrate that 
normal platelets have relatively little surface IgG, and 
amounts ranging from 500 to 13,000 molecules of IgG per 
platelet are present in immune thrombocytopenia. These 
amounts of platelet surface-bound IgG are similar to the 
values seen in the well-studied pathophysiology of warm 
immune hemolytic anemia.” 

Of these techniques, we believe that the monoclonal 
anti-IgG assay has several advantages. First, the monocional 
anti-IgG reacts equally with all four subclasses of IgG,” 
whereas staphylococcal protein A reacts poorly or not at all 
with IgG, and the polyclonal reagent has not been character- 
ized and may vary with each antiserum produced. Second, 
the monoclonal anti-IgG has a very high binding affinity“? 
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surface-bound IgG in 67 patients with immune thrombocytopenia 
at the time of initial diagnosis. 
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allowing saturation kinetics to be reached at low protein 
concentrations (1 ng/uL) under our assay conditions, result- 
ing in little or no nonspecific anti-IgG association with the 
platelet surface.** Finally, the use of a single Percoll gradient 
centrifugation to separate platelet-bound from free anti-IgG 
precludes loss of platelets and disassociation of anti-IgG 
from IgG during repeated washing steps. The major draw- 
back with this technique has been the relative unavailability 
of the monoclonal anti-IgG reagent. This is no longer a 
problem because the hybridoma cell line is available from the 
American Type Culture Bank (ATCC-HB-43) and from a 
commercial source of the purified antibody (Southern Bio- 
technology Associates). 

In this study, we examined the amount of platelet surface- 
bound IgG in patients with thrombocytopenia due to immune 
and nonimmune etiologies. We showed that 90% of patients 
with immune thrombocytopenic purpura have increased 
amounts of surface-bound IgG (>800 molecules of IgG per 
platelet) at the time of initial diagnosis with a range of 87% 
to 93% for the various subgroups (Table 2). In contrast, 
patients with nonimmune thrombocytopenia infrequently 
had elevations of this degree (7%) indicating that quantita- 
tion of platelet surface-bound IgG can be a valuable adjunct 
in the evaluation of thrombocytopenic patients. Prior reports 
have indicated that patients with TTP have elevated platelet 
associated IgG.'*?' Our experience in eight patients failed to 
confirm this observation: only one patient had an elevated 
value, which was suspect because of prior exposure of the 
patient to large amounts of pooled plasma before being 
referred for study. Indeed, the patients with nonimmune 
thrombocytopenia associated with enhanced platelet de- 
struction (and presumably enhanced platelet production) 
had low amounts of platelet-bound IgG, similar to those of 
other nonimmune thrombocytopenic disorders. 

The group of patients with treatment-resistant immune 
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thrombocytopenia differed from their counterparts at initial 
diagnosis in that a larger proportion of them (33%) had 
values of platelet surface IgG comparable to those of normal 
donors or nonimmune thrombocytopenia patients. This may 
reflect the role of other pathophysiologic processes, including 
IgM, complement, or nonimmune mechanisms. 

Two caveats to interpretation of platelet-bound IgG values 
in throm >ocytopenic patients should be noted. Patients with 
immune thrombocytopenia who have been on therapy for 
>48 hours, usually with rising platelet counts, may have 
normal platelet-bound IgG values. Conversely, patients with 
acute leukemia who are severely ill and are receiving multi- 
ple antibiotics and platelet transfusions often have elevated 
values, the mechanisms of which are unknown but may be 
multifactorial. We have excluded both of these groups from 
our analvsis and do not recommend interpretation of plate- 
let-bounc IgG values in these circumstances. 

Finally, studies carried out in our laboratory” using 
normal platelets sensitized in vitro with an IgG anti-Pl,., 
antibody indicated that human monocytes have a threshold 
of ~1,009 molecules of IgG per platelet for recognition and 
binding of IgG-coated platelets through their Fe receptors. 
This is certainly compatible with the degree of sensitization 
observed in this study of platelets sensitized in vivo (ITP) 
resulting in presumed macrophage binding in splenic sinu- 
soids. 

Thus, this study indicates that patients with immune 
thrombocytopenia have a high frequency of elevated 
amounts of platelet surface-bound IgG as compared with 
patients with nonimmune thrombocytopenia. Quantitation of 
surface-tound IgG represents a clinically useful tool for 
delineating an immune etiology related to IgG on the platelet 
surface. The finding of elevated platelet-bound IgG by this 
monoclonal anti-lgG technique certainly appears to be of 
pathophysiologic relevance. 
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Measurement of Free, One-Chain Tissue-Type Plasminogen Activator in Human 
Plasma With an Enzyme-Linked Immunosorbent Assay Based on an Active 
Site-Specific Murine Monoclonal Antibody 


By P. Holvoet, J. Boes, and D. Collen 


An enzyme-linked immunosorbent assay for free tissue- 
type plasminogen activator (t-PA) in human blood was 
developed based on a murine monoclonal antibody directed 
against the active site of t-PA. The lower limit of sensitivity 
of the assay applied to plasma is 2 ng/mL for one-chain 
t-PA but only 100 ng/mL for two-chain t-PA. Free t-PA in 
plasma taken at rest was found in 6 of 21 healthy subjects 
(4.5 + 0.8 ng/mL, mean + SD) and increased to 14 + 7.0 
ng/mL after venous occlusion in 18 of these individuals. A 
linear correlation between total t-PA and free t-PA was 
observed with r = 0.92 {n = 18) and a slope of 1.08, 


ISSUE-TYPE plasminogen activator (t-PA) constitutes 

a physiologically important pathway for the activation 

of the fibrinolytic system in blood.’ Venous thrombosis is 

frequently associated with a reduced increase of plasminogen 

activator activity in the blood, following standard stimuli (eg, 

venous occlusion).*™ This impaired fibrinolytic response may 

be due to the rapid inhibition of released t-PA by a potent 

fast-acting inhibitor of plasminogen activator (PA-inhibi- 
tor).* 

In earlier studies, the measurement of the plasminogen 
activator activity in plasma relied on the measurement of the 
fibrinolytic activity in euglobulin fractions.’ Such assays lack 
specificity, however, because they are dependent on many 
factors, such as the concentration of plasminogen activators, 
plasminogen, fibrinogen, and inhibitors. More recently, 
functional assays more specific for t-PA were developed.’ In 
these relatively complicated assays, the presence of fibrin or 
fibrinogen/fibrin fragments is required, and the results 
depend on the adequate removal of inhibitors. 

Immunoassays specific for t-PA have also been devel- 
oped." Although these assays are very sensitive (allowing 
detection of t-PA in the pmolar range), they do not discrimi- 
nate between functionally active and complexed forms of 
t-PA. Indeed, the observed increase in total t-PA antigen 
following venous occlusion in patients with venous thrombo- 
sis was not consistently associated with an increase in t-PA 
activity. ™* In such patients, increased levels of the fast- 
acting inhibitor of plasminogen activator have been mea- 
sured." 

Immunoassays that could discriminate between free (ac- 
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indicating that t-PA released from the vessel wall cir- 
culates in the blood as the one-chain form. in 16 of 18 
patients with deep vein thrombosis, the increase of total 
t-PA antigen after venous occlusion was comparable to 
that observed in controls, but the free t-PA was signifi- 
cantly lower or undetectable. The present assay for free 
t-PA may be useful for the investigation of the release and 
inhibition of t-PA under physiological, pharmacological, or 
pathological conditions in humans. 

@ 1987 by Grune & Stratton, inc. 


tive) and complexed (inactivated) t-PA antigen might be 
useful for a more detailed investigation of the release and 
inhibition of t-PA in blood, under physiological, pharmaco- 
logical, and pathological conditions. In the present study, we 
developed an enzyme-linked immunosorbent assay (ELISA) 
specific for free t-PA in blood. This assay was applied to the 
study of the release and inhibition of t-PA following venous 
occlusion in plasma samples of healthy subjects and patients 
with deep vein thrombosis. 


MATERIALS AND METHODS 


Purified proteins. One-chain and two-chain t-PAs were purified 
from the culture fluid of human melanoma cells.'* The activity was 
expressed in international units by comparison of the fibrinolytic 
activity on plasminogen-enriched bovine fibrin films’ with that of the 
Ist International Reference Preparation of t-PA (83/517). The 
protein concentration of t-PA was determined by amino acid analy- 
sis.'* In this way, a specific activity of ~500,000 [U/mg was 
obtained for purified t-PA. 

Cell hybridization and screening of hybridomas. Balb/c mice 
were immunized by subcutaneous and intraperitoneal injections of 
purified t-PA. P3X63-Ag.8-6.5.3. myeloma cells” were fused with 
spleen cells from immunized mice.” After selection in HAT medium 
(Dulbecco’s modified Eagle medium [DMEM] containing hypo- 
xanthine, aminopterin, and thymidine),” the supernatants were 
screened for specific antibody production in micro-ELISA” using 
microtiter plates coated with t-PA. The bound immunoglobulins 
were quantitated with horseradish peroxidase-conjugated rabbit 
anti-mouse IgG. Positive clones were subcloned by limiting dilution. 
The effect of monoclonal antibodies on the fibrinolytic activity of 
t-PA (final concentration 15 nmol/L) was determined by incubation 
of t-PA with a 40-fold molar excess of antibody for | hour at 37 °C 
followed by application of the 10-uL aliquots of the mixture to 
plasminogen-containing fibrin plates.” Monoclonal antibodies 
directed against the active site of t-PA were identified by their 
differential reactivity toward active t-PA or t-PA in which the active 
center was blocked by either diisopropylfluorophosphate (DFP) 
(final concentration | mmol/L) or p-Ile-Pro-Arg-CH,Cl”* (final 
concentration 1075}. 

The amidolytic activity of t-PA (final concentration 25 nmol/L) 
before and after preincubation with a 40-fold molar excess of 
monoclonal antibodies was measured spectrophotometrically at 405 
nm using the synthetic substrate D-Ile-Pro-Arg-p-nitroanilide (S- 
2288) (final concentration 0.3 mmol/L).* 

Preparation of polycional antisera. Rabbit antisera against 
t-PA were produced by four biweekly subcutaneous injections of 50 
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ug of purified t-PA once in complete Freud’s adjuvant and then in 
incomplete adjuvant. The IgG fractions were purified by affinity 
chromatography on protein A-Sepharose.” 

Blood collection and treatment of plasma samples. Venous 
blood samples were collected from 2! control subjects in 0.1 vol of 
0.11 mol/L of citrate or in citrate containing MA-2G6 (final 
concentration 20 ng/mL). The samples were centrifuged at 3,000 g 
and 4°C and immediately assayed or stored at —20 °C until use. 
Venous occlusion was performed by inflating a cuff around the upper 
arm, between systolic and diastolic blood pressure, for 10 minutes. 

Biood samples were also obtained from 18 patients (10 men and 8 
women, age 56 + 17 years) with phlebographically confirmed deep 
vein thrombosis, which could not be attributed to malignancies, liver 
disease, infections, or a postoperative state. In three patients, the 
venous thrombosis was complicated by pulmonary embolism. Thir- 
teen patients were studied between the second and fourth day after 
the initial diagnosis, while on heparin anticoagulation. The other five 
patients were studied 3 weeks after the initial diagnosis, while on oral 
anticoagulant therapy. Pooled fresh human plasma was depleted in 
t-PA by immunoadsorption on immobilized anti-t-PA monoclonal 
antibody (MA-62E8)."* 

ELISA specific for free, one-chain t-PA. The IgG fraction 
purified from polyclonal rabbit antiserum against t-PA was diluted 
in 0.04 mol/L of phosphate buffer pH 7.4, containing 0.14 mol/L 
NaCl, 10 g of polyethylene glycol 6,000, and 60 g saccharose per 
liter (coating solution).”? Samples (200 uL) of a 4 ug/mL solution 
were incubated for 48 hours at 4 °C in the wells of polyvinylchloride 
microtiter plates (Costar, Cambridge, MA). The fluid was then 
decanted, the wells were treated for 2 hours at room temperature 
with 200 uL of coating solution containing 10 g/L bovine serum 
albumin (BSA), with 200 uL of coating solution without BSA and 
finally with a solution containing 10 g of mannitol and 20 g of 
saccharose per liter. Immediately before use, the microtiter plates 
were washed once with 0.04 mol/L of phosphate buffer pH 7.4, 
containing 0.14 mol/L of NaCl (PBS). Plasma samples collected in 
the presence of MA-2G6 (final concentration 20 ug/mL) were 
diluted in PBS-Tween-BSA, and dilutions of samples to be assayed 
(180 uL) were incubated for 16 hours at 4 °C in a moist chamber. 
The wells were then emptied and washed (three cycles in a Skatron 
microwash, Analis, Namen, Belgium) with PBS containing 0.002% 
Tween 80 (PBS-Tween). Then, to quantitate the bound t-PA- 
antibody complexes, 180 uL of a horseradish peroxidase-conjugated 
rabbit anti-mouse IgG solution diluted 1:2,000 in PBS-Tween 
containing 2% of normal rabbit serum was added and the mixture 
was incubated for ! hour at room temperature. After repeated 
washing (three cycies) of the plates, the peroxidase reaction was 
performed by addition of 180-uL aliquots of a 0.1 mol/L of 
citrate-0.2 mol/L of sodium PBS pH 5.0, containing 200 ng/mL of 
o-phenylenediamine and 0.003% hydrogen peroxide. After 30 min- 
utes at room temperature, the reaction was arrested with 50 uL of 4 
mol/L of sulphuric acid. The absorbance was measured at 492 nm 
with a multiskan spectrophotometer (Titertek, Flow Laboratories, 
Irvine, Scotland). Standard curves for the ELISA were constructed 
using t-PA~depleted plasma to which purified human one-chain 
t-PA (final concentration 50 ng/mL) was added. To this mixture, 
MA-2G6 (final concentration 20 ug/ml) was added. After preincu- 
bation for 2 hours at 4°C, the t-PA-antibody complexes were 
quantitated as described above. 

Inhibition of t-PA by endothelial cell-derived PA-inhibi- 
tor. Human endothelial cells were prepared from umbilical cord 
veins, and confluent cultures were stimulated with endotoxin as 
described.” Growth medium and conditioned medium of these cells 
were gel-filtered on a 2.5 x 80-cm column of Sephadex G-200 after 
addition of one-chain t-PA (final concentration 0.2 ug/mL). The 
column was equilibrated with 0.015 mol/L of phosphate, 0.3 mol/L 
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of NaCl, 0.05 mol/L of EDTA, pH 7.5, containing 10 KIU/mL of 
aprotinin and 0.01% Tween 80. The flow rate was 6 mL/h and 4-mL 
fractions were collected. Relative mol wt markers were human IgGs, 
mol wt 140,000; phosphorylase b, mol wt 98,000; and human 
albumin, mol wt 66,000. 

ELISA for total t-PA. A two-site ELISA reacting equally well 
with free and complexed forms of one-chain and two-chain t-PA was 
performed as described earlier."* 

Other techniques. Polyacrylamide gel electrophoresis (PAGE)* 
was performed as described elsewhere. Amino acid analysis was 
performed on a Beckman 119 CL amino acid analyzer after bydroly- 
sis in 6 mol/L of HCI in vacuo at 110 °C for 20 hours. 

Reagents. Urokinase (Winkinase) was a gift from Dr G. Mura- 
no, Bureau of Biologics, Bethesda, MD. Aprotinin {Trasylol} from 
Bayer (Leverkusen, FRG), thrombin (Topostasine) from Roche 
(Basel, Switzerland), and bovine plasminogen-containing fibrinogen 
from Organon (Oss, The Netherlands) were used. CNBr-activated 
Sepharose and diethylaminoethanol (DEAE) Affi Gel Blue were 
purchased from Pharmacia Fine Chemicals (Uppsala, Sweden). The 
synthetic inhibitor p-fle-Pro-Arg-CH,Cl was obtained by custom 
synthesis at UCB (Brussels). The chromogenic substrate p-H[e- 
Pro-Arg-p-nitroanilide was obtained from KabiVitrum (Amster- 
dam). Horseradish peroxidase-conjugated rabbit anti-mouse IgG 
was obtained from Nordic (Tilburg, The Netherlands), and o- 
phenylenediamine was obtained from Fluka (Buchs, Switzerland). 
The P3X63-Ag.8-6.5.3. myeloma cells were a gift from Dr O. 
Schönherr (Organon). 


RESULTS 


Identification of anti-t-PA monoclonal antibodies. Su- 
pernatants of hybridomas resulting from fusions of P3X63- 
Ag.8-6.5.3. myeloma cells with spleen cells from Balb/c 
mice, immunized with purified t-PA, were screened for 
specific antibody production in a one-site micro-ELISA 
using t-PA~—coated plates. Nine fusions yielded 36 hybrido- 
mas producing monoclonal antibodies reactive with different 
epitopes in the t-PA molecule as determined by the method 
of Stähli.? One monoclonal antibody (MA-2G6) quenched 
both the fibrinolytic and amidolytic activity of t-PA when 
added in a 40-fold molar excess. Because this antibody bound 
to free t-PA but not to active site-blocked t-PA, it was used to 
develop the assay for free t-PA. This antibody is character- 
ized in more detail elsewhere.” 

ELISA specific for free t-PA. The wells of the polyvinyl 
microtiter plates were coated with varying concentrations 
(between 0.06 and 32 g/mL) of the IgG fraction of the 
t-PA-specific polyclonal antiserum. Maximal binding of 80 
ng of t-PA-MA-2G6 complexes occurred at concentrations 
>2 ug/mL (not shown). An IgG concentration of 4 pg/mL 
was subsequently used in the assay. The influence of the 
concentration of the horseradish peroxidase—conjugated rab- 
bit anti-mouse IgG was studied with dilutions between 
1:1,000 and 1:12,000. Maximal response was obtained in 
dilution of <1:4,000. A conjugate dilution of 1:4,000 (fina! 
IgG concentration 0.8 ug/mL) was selected for the assay 
(not shown). 

One-chain t-PA was added to citrated plasma to a concen- 
tration of 100 ng/mL, and increasing concentrations of 
MA-2G6 dissolved in PBS-Tween-BSA (between 2 and 32 
ug IgG/mL of plasma) were added. The mixtures were 
incubated for 2 hours at 4 °C, diluted in the same buffer, and 
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Fig 1. Influence of the concentration of murine monoclonal 
antibody MA-2G6 on the sensitivity of the assay. One-chain 
tissue-type plasminogen activator (t-PA) (final concentration 100 
ng/mL) was preincubated in the presence of increasing concentra- 
tions of MA-2G6: 2 ug/ml (@); 4 ug/ml (A); 8 pg/mL (W); 16 
ug/mL (¢); and 32 ug/ml (v). The samples were diluted in 
phosphate-buffered saline, Tween, and bovine serum albumin 
(PBS-Tween-BSA), and the t-PA-MA-2G6 complexes were quanti- 
fied with horseradish peroxidase—conjugated rabbit antimouse 
IgG. 
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Fig 2. Influence of plasma matrix effects on the detection of 
tissue-type plasminogen activator (t-PA). One-chain t-PA (final 
concentration 50 ng/mL) was added to pooled normal human 
plasma dilutions: 1:1 (0); 1:2 (O); 1:4 (¢); 1:8 (w); 1:16 (A); 1:32 
(W); and buffer (@). Murine monoclonal antibody MA-2G6 (final 
concentration 20 g/mL), was then added, and dilutions of the 
mixtures in phosphate-buffered saline, Tween, and bovine serum 
albumin (PBS-Tween-BSA) (final t-PA concentration in the sam- 
ples between 2.5 and 0.1 ng/mL) were used for quantitation of 
t-PA-antibody complexes with horseradish peridoxase—conju- 
gated rabbit anti-mouse IgG. 
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Fig 3. (A) Reactivity of one-chain tissue-type plasminogen activator (t-PA) and two-chain t-PA in the assay for free t-PA. Calibration 
curves for the quantitation of one-chain t-PA (@) in human plasma were obtained by addition to t-PA depleted of t-PA (final concentration 
50 ng/mL) and of murine monoclonal antibody MA-2G6 (final concentration 20 ug/mL). The samples were diluted in phosphate-buffered 
saline. Tween. and bovine serum albumin (PBS-Tween-BSA) (final concentration between 2.5 and 0.08 ng/mL). Poor cross-reactivity of 
two-chain t-PA (A) was confirmed by addition of two-chain t-PA (final concentration between 5 anc 0.08 ng/mL). (B) Sodium dodecy! 
sulfate-polyacrylamide gel electrophoresis: 5 ug of unreduced two-chain t-PA (lane 1), unreduced one-chain t-PA (lane 3), reduced 
two-chain t-PA (lane 4), and reduced one-chain (lane 6) were applied to 12% slab gels. Electrophoresis was performed over night at room 
temperature and 60 V. The proteins were visualized with Coomassie blue. Unreduced and reduced standards with mol wt indicated on the 


right were applied in lanes 2 and 5. 
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the t-PA levels were then measured as described above. 
Figure | illustrates the influence of the concentration of 
monoclonal antibody on the sensitivity of the assay. An 
antibody concentration of 20 ng/mL was further used in the 
ELISA. 

Standard curves for the measurement of free t-PA in 
plasma were obtained by dilution of one-chain t-PA (final 
concentration between 50 and 2 ng/mL) in normal human 
plasma, in PBS-Tween-BSA, or in mixtures of both. Figure 2 
indicates that at low dilution plasma interfered with the 
assay, whereas this effect was completely eliminated by 
16-fold dilution. Therefore, plasma samples were diluted at 
least 20-fold for the assay of free t-PA. Using the assay 
conditions described above, between 2 and 40 ng of one-chain 
t-PA per milliliter of plasma could be adequately measured 
after 1:20 dilution (Fig 3). Thus, the sensitivity of the assay is 
2 ng/mL in undiluted human plasma. Figure 3 further 
illustrates a large difference in sensitivity of the ELISA for 
one-chain as compared with two-chain t-PA. Concentrations 
of 100 ng/mL of two-chain t-PA in the incubation mixture 
had a reactivity comparable to that of 2 ng of one-chain 
t-PA. 

The reproducibility of the assay was assessed using plasma 
samples containing 10, 5, and 2.5 ng of one-chain t-PA per 
milliliter, respectively. The within-assay coefficients of vari- 
ation were ~3.5% (n = 20). The between-assay coefficients 
of variation (n = 20) were 3.0%, 6.5%, and 12.5% for plasma 
samples containing 10, 5, and 2.5 ng of one-chain t-PA per 
milliliter, respectively. 

The specificity of the assay for free one-chain t-PA was 
established in the following way. One-chain t-PA, in which 
the active site was blocked with DFP or with p-Ile-Pro- 
Arg-CH,Cl, was not detected in the assay at concentrations 
of 100 ng/mL. Following gel filtration of unconditioned 
growth medium used for endothelial cell culture to which 0.2 
g/mL of one-chain t-PA was added, only one peak of 
immunoreactive material, eluting with an apparent mol wt of 
70,000, was detected in both the ELISA for total t-PA and 
the ELISA based on MA-2G6 (Fig 4A). Following gel 
filtration of conditioned medium of human endothelial cells 
stimulated with endotoxin, after addition of 0.2 ng/mL of 
one-chain t-PA, two peaks of immunoreactive material, 
corresponding to the elution position of mol wt 110,000 and 
70,000, were detected in the ELISA specific for total t-PA. 
In the ELISA based on MA-2G6, only the material in the 
mol wt 70,000 position was quantitatively measured (Fig 
4B). 

In plasma sampies of healthy individuals (n = 21), taken 
at rest, the concentration of total t-PA was 4.5 + 1.3 ng/mL 
(mean + SD) (range 2.1 to 6.9 ng/mL). Detectable levels of 
free t-PA were found in plasma of only 6 of these 21 healthy 
subjects (4.5 + 0.8 ng/mL for free t-PA as compared with 
4.9 + 1.1 ng/mL fer total t-PA). After venous occlusion (n = 
21) measurable plasma concentrations of free t-PA were 
found in 18 subjects (14 + 7 ng/mL range 4 to 32 ng/mL). 
The correlation coefficient (r) between total t-PA and free 
t-PA determined by linear regression was .92 (n = 18) (Fig 
5). The slope of the regression line was 1.08, indicating that 
most of the t-PA antigen following venous occlusion occurred 
as free one-chain t-PA. 
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Fig 4. Gel filtration of mixtures of 1.0 ug of tissue-type 
plasminogen activator (t-PA) and 5 ml. of unconditioned {A} or 5 
mL of endothelial call-conditioned medium after stimulation with 
endotoxin {B}. Gel filtration was performed on a 2.5 x 80-cm 
column of Sepharose G-200 equilibrated with 0.01 mol/L of 
phosphate, 0.3 moi/L of NaCl, 0.005 mol/L of EDTA, pH 7.5, 
containing 10 KIU/mlL of aprotinin and 0.01% Tween 80; 3-mL 
fractions were collected. Absorbance at 280 mm {4}; total t-PA 
antigen (ng/mL) (@); free t-PA antigen (ng/mL) (MD) measured after 
addition of murine monoclonal antibody MA-2G6 to the column 
fractions. 


In plasma samples obtained from 18 patients with phiebo- 
graphically confirmed deep vein thrombosis, the total t-PA 
antigen concentration was 9.1 + 2.6 ng/mL (range 5.9 to 12 
ng/mL). No free t-PA was detected in any of these samples. 
After venous occlusion, the total t-PA concentration 
increased in 16 out of 18 patients to 25 + 11 ng/mL (range 
10 to 51 ng/mL). Free t-PA was detectable in 7 of the 18 
patients and increased to 9.1 + 5.1 ng/mL (range 5.2 to 20 
ng/mL) and remained <2 ng/mL in the 11 other samples 
(Fig 5). 

Following gel filtration of a pool of these 11 samples as 
described above, only one peak of immunoreactive materia] 
corresponding to the elution position of mol wt 110.000 was 
detected in the ELISA specific for total t-PA. 


DISCUSSION 


Of 36 t-PA~specific murine monoclonal antibodies, one 
(MA-2G6), directed against an epitope that overlaps the 
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Fig 5. Correlation between total tissue-type plasminogen 
activator (t-PA) antigen levels and free t-PA antigen levels in 
plasma after venous occlusion. Control subjects {n = 21) (@): 
patients with deep vein thrombosis (n = 18) (i). 


active site of t-PA, quenched both the fibrinolytic and 
amidolytic activity of t-PA. Because this antibody does not 
react with t-PA, in which the active site is blocked with either 
the synthetic inhibitor p-He-Pro-Arg-CH,Cl or with the 
fast-acting PA-inhibitor of endothelial cell origin, MA-2G6 
proved useful for the specific measurement of free t-PA with 
an ELISA. t-PA in concentrations between 2 and 40 ng/mL 
could be measured adequately after 20-fold dilution of the 
sample, with between-assay variation coefficients ranging 
from 3.0 to 12.0%. Conversion of one-chain t-PA into 
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two-chain t-PA by cleavage of the Arg 275—Ile 276 peptide 
bond resulted in a 50-fold reduced reactivity of t-PA with 
MA-2G6. 

The ELISA was further used to investigate the release and 
inhibition of one-chain t-PA in both healthy subjects and 
patients with phlebographically confirmed deep vein throm- 
bosis. Baseline free t-PA levels could only be measured in 6 of 
21 healthy subjects. Venous occlusion, however, resulted in a 
measurable increase of free t-PA in 18 of the 21 control 
subjects. A linear correlation between free t-PA and total 
t-PA was observed, with a slope of the regression line of 1.08. 
This indicates that t-PA is released from the vessel wall in its 
one-chain form and that at least in healthy subjects it is not 
rapidly converted to the two-chain form or quickly neutral- 
ized. In a pilot study, the ELISA was used to investigate the 
release and inhibition of t-PA after venous occlusion in 
patients with deep vein thrombosis (n = 18). Although a 
normal increase of total t-PA was observed in 16 of these 
patients, the fraction that was measurable as free t-PA was 
significantly lower than in control subjects and was undetect- 
able in Il patients. This observation is compatible with the 
interpretation that rapid inhibition of the released t-PA 
occurs in blood and is in agreement with previous results.* 

We conclude that the present ELISA is specific for free, 
one-chain t-PA and is sensitive enough for the measurement 
of free t-PA in plasma. It may be a valuable tool for the 
investigation of the dynamics of t-PA release and inhibition 
under physiological, pharmacological, and pathological cir- 
cumstances. It may also be useful to monitor thrombolytic 
therapy with one-chain t-PA. 
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Megakaryocytopoiesis: Incorporation of Tritiated Thymidine 
by Small Acetylcholinesterase-Positive Cells in Murine Bone Marrow 
During Antibody-Induced Thrombocytopenia 


By Karen M. Young and Leon Weiss 


The ability of small acetyicholinesterase-positive (SACHE) 
cells to incorporate tritiated thymidine (*H-TdR) was stud- 
ied in the bone marrow of mice made acutely thrombocy- 
topenic by injection of guinea pig antimouse platelet serum 
{APS) and in control mice injected with normal guinea pig 
serum (NS). °H-TdR was administered in vivo, and bone 
marrow was collected at various time points thereafter. 
The initial labeling index (LI) for both groups was about 
30%. After four hours, the LI increased and reached peak 
values at 48 hours, but was lower in thrombocytopenic 
animals. The lower peak LI in APS-treated animals may be 
the result of both a faster rate of influx of unlabeled cells 
into the acetylcholinesterase (AChE) positive cell compart- 


N THE PATHWAY of megakaryocyte differentiation, a 
group of cells intermediate between the colony forming 
unit-megakaryocyte (CFU-M) and morphologically recog- 
nizable megakaryocytes has recently been detected. In cer- 
tain species, including the mouse, these cells contain acetyl- 
cholinesterase, a cytochemical marker highly selective for 
megakaryocytes.'? A proportionate increase in the number 
of small acetylcholinesterase-positive (SACHE) cells among 
all acetylcholinesterase-positive cells in bone marrow occurs 
in response to antibody-induced thrombocytopenia*™ and 
after administration of a thrombopoiesis-stimulating factor,’ 
and suppression of SACHE cells follows transfusion-induced 
thrombocytosis.° The early response of these cells indicates 
that the first detectable response to changes in platelet mass 
may occur at this level. 

SACHE cells appear to play a pivotal role in megakaryo- 
cytopoiesis with regard to cellular proliferation /endomitosis 
and feedback control by platelets, making critical an elucida- 
tion of their role in the dynamics of megakaryocytopoiesis. 
Few recognizable megakaryocytes initially incorporate tri- 
tiated thymidine (GH-TdR), but by 72 hours, greater than 
90% of these cells are labeled,®’ even when reutilization of 
3H-TdR is minimized.’ Since recognizable megakaryocytes 
do not divide, we hypothesized that SACHE cells, precur- 
sors to recognizable megakaryocytes, would have an initially 
high labeling index (LI) and that their maturation would 
result in the subsequent rise in the LI of recognizable 
megakaryocytes. In addition, we hypothesized that the kinet- 
ics would be different in thrombocytopenic animals, since 
thrombocytopenia has been shown to result in a more rapid 


een nineeeernnnannennnenntntitittiitltta tint RRL A NN ECLA AC OA RA aa 


From The University of Pennsylvania School of Veterinary 
Medicine. 

Submitted August 29, 1985; accepted August 12, 1986. 

Supported in part by Grants AM-19920-10 and AM-—07 185-10 
from the National Institutes of Health. 

Address reprint requests to Karen M. Young, VMD, PhD, Univer- 
sity of Wisconsin-Madison, School of Veterinary Medicine, Depart- 
ment of Pathobiological Sciences, 2015 Linden Dr West, Madison, 
WI 53706. 

© 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6901 -0056303.00/0 


290 


ment and efflux of more heavily labeled, and probably 
polyploid, SACHE cells into the compartment of recogniz- 
able megakaryocytes. In both groups the increasing LI 
occurred concomitantly with a decreasing mean grain 
count. This may indicate cellular division by some fraction 
of SACHE cells. Heterogeneity in nuclear morphology was 
also demonstrated, and the frequency of individual mor- 
phologies was altered in APS-treated animals. In addition, 
cells that incorporated *H-TdR were larger than those that 
did not. This group of small cells appears to represent a 
pivotal point in megakaryocytopeoiesis in which the switch 
from mitosis to endomitosis is occurring. 

© 1987 by Grune & Stratton, inc. 


rise in the labeling index of recognizable megakaryocytes! h! 


and in an increase in the fraction of CFU-M in cycle.'*"" 
Our studies on the incorporation of *H-TdR by SACHE 
cells indicate a heterogeneity with respect to cell cycle status 
and suggest that thrombocytopenia results in a more rapid 
rate of influx of cells from a precursor compartment and/or 
efflux of SACHE cells into the compartment of recognizable 
megakaryocytes. In addition we provide information on the 
morphology of SACHE cells that incorporate “H-TdR. 


MATERIALS AND METHODS 


Mice. BDF, mice (Jackson Laboratories, Bar Harbor, ME), 2 to 
4 months old, were used in these studies. The animals were 
maintained under conventional conditions. 

Antiplatelet serum. Antiplatelet serum (APS) was the generous 
gift of Dr Shirley Ebbe (Lawrence Berkeley Laboratory, University 
of California, Berkeley) and was prepared in the following manner: 
mouse platelets mixed with 0.15 mol/L sodium chloride (isotonic 
saline) and equal volumes of complete Freund’s adjuvant were 
injected into guinea pigs. The first injection was given in the foot pad 
and subcutaneously (SC), and three subsequent injections were 
given SC only. The injections were administered over a period of one 
month. One week following the last injection, serum was collected 
from the guinea pigs and heat-inactivated at 56 °C for 30 minutes. 
The serum was adsorbed three times with equal volumes of saline- 
washed mouse red cells and stored at — 20°C in aliquots of | mL 
until use. Thawed aliquots were diluted to 3 mL with isotonic saline, 
and each of 18 experimental mice received 0.1 mL intraperitoneally 
(IP). Eighteen control animals each received 0.1 mL of normal 
guinea pig serum (NS) IP. NS was heated to 56 °C for 30 minutes 
and diluted to 3 mL with isotonic saline prior to administration. 

Tritiated thymidine. Tritiated thymidine CH-TdR) was 
obtained from New England Nuclear (Boston) as a sterile aqueous 
solution and had a specific activity of 2.0 Ci/mmol. The solution was 
diluted with sterile isotonic saline and injected IP at a dose of 1.1! 
uCi/g body weight four hours after injection with either APS or NS. 
This time point was chosen because thrombopoiesis-stimulating 
factor levels have been reported to be high four hours after APS 
administration." 

Blood counts. Blood for counts was collected from the retro- 
orbital sinus directly into potassium-EDTA tubes (Sarstedt, Prince- 
ton, NJ). Platelet counts were performed on a calibrated hemocy- 
tometer at a dilution of 1:100 with 1% ammonium oxalate. Red 
blood cell (RBC) and white blood cell (WBC) counts were 
performed with a Coulter electronic particle counter, Model ZBI. 
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Pretreatment blood counts were performed on 26 mice. Counts were 
repeated four hours after injection with either APS or NS. Platelet 
counts in APS-treated animals had to be less than 5% of control and 
pretreatment values in order for the animal to be included in the 
experiment. This degree of thrombocytopenia appears necessary to 
effect quantitative changes in SACHE cells.* Exchange transfusions 
with platelet-poor plasma have been ineffective in producing this 
degree of thrombocytopenia.'*'’ No change in RBC or WBC counts 
occurred in either group of mice. Platelet counts were also done on 
APS and NS-treated mice at the time of sacrifice. 

Bone marrow samples. Animals were killed by cervical disloca- 
tion at 30 minutes and at 4, 12, 24, 48, and 72 hours after 
administration of *H-TdR. Bone marrow smears were made from 
split femora on acid-alcohol cleaned slides with a sable brush. 
Smears were heat-fixed at 50°C for five minutes and stained for 
acetylcholinesterase. 

Acetylcholinesterase staining. Acetylcholinesterase (AChE) 
activity was detected using the method of Karnovsky and Roots," as 
modified by Jackson? and Long and Williams. Smears were 
incubated at 22 °C in the following medium, made freshly each day, 
for 6.0 to 6.5 hours: 0.5 mg/mL acetylthiocholine iodide (Sigma, St 
Louis), 75 mmol/L dibasic sodium phosphate (pH 6.0), 5 mmol/L 
sodium citrate, 3 mmol/L copper sulfate, and 0.5 mmol/L potas- 
sium ferricyanide. Slides were then gently rinsed with distilled H,O 
and fixed for ten minutes in 95% ethanol. They were counterstained 
in Harris’ hematoxylin for 30 seconds, rinsed gently in running tap 
H,O, blued in saturated lithium carbonate, and rinsed a final time in 
H,O. Cytochemical control smears were incubated in media lacking 
substrate and were negative for reaction product in all cells. 

A recent study indicated that eosinophils may contain AChE 
when examined by phase microscopy.* To examine the selectivity of 
the AChE marker, 100 um sections of bone marrow fixed in 1.5% 
gluteraldehyde/ 1.25% paraformaldehyde in 0.1 mol/L cacodylate 
buffer were stained for AChE activity by the method of Lewis and 
Knight” using acetylthiocholine iodide as the substrate. Silver/ 
silver-gold sections were examined with a EMIOCA transmission 
electron microscope (Zeiss, West Germany). 

Mapping and *H-TdR-labeling of small AChE-positive 
Cells. Counterstained smears were coverslipped and the positions 
of 200 to 250 SACHE cells/mouse were located on the slides. This 
procedure was necessary since processing the slides for autoradiogra- 
phy decolorizes the AChE reaction product (see below). SACHE 
cells were located with phase microscopy (Zeiss) under a 100x 


Fig 1. 
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oil-immersion objective and had to fit the following criteria: (a) a cell 
diameter of less than 18 um (measured with a calibrated stage 
micrometer), since morphologically recognizable megakaryocytes 
were always greater than 18 um; (b) the presence of cytoplasmic 
AChE reaction product, which appears black and granular under 
phase microscopy and diffusely golden brown under bright field 
microscopy; and (c) a high nuclear-cytoplasmic ratio. The cell 
diameter and nuclear morphology of each SACHE cell was 
recorded. To map each cell, stage micrometer readings were noted, 
and the field was photographed. 

After the cells for all 36 mice were mapped, the coverslips were 
removed from the slides, which were then cleaned in fresh xylene. 
The dried smears were dipped in NTB-2 film emulsion (Kodak) 
diluted 1:1 with distilled H,O. After thorough drying the slides were 
exposed in light-tight boxes containing dessicant at 4 °C for 30 days. 
The slides were then developed in fresh D-19 diluted 1:1 with 
distilled H,O for five minutes (with agitation every 30 seconds), 
rinsed in distilled H,O for one minute, and fixed in undiluted Kodak 
fixer for five minutes. The entire developing procedure was carried 
out at 18 °C, and all slides were processed on the same day. It is this 
development procedure that causes decolorization of the AChE 
reaction product.’ The slides were then rinsed in running H,O for 15 
minutes and stained with a Romanovsky stain. 

Mapped SACHE cells were located on each slide using the stage 
micrometer readings to find the correct field and then the photo- 
graph to locate the reaction product-positive cell (now decolorized) 
within the field. For each SACHE cell, the number of grains over the 
nucleus was counted under a 100x oil-immersion objective (Fig 1), 
and the nuclear morphology was recorded again. 

Background counts were estimated in two ways: (a) grain counts 
were done for 500 cells/slide on ten slides treated identically to the 
experimental autoradiograms, except that the smears were made 
with bone marrow from mice that were not injected with 'H-TdR; 
and (b) grain counts were done on the experimental autoradiograms 
over areas away from the cells. Background counts determined by 
both methods were low (mean grain count was less than one 
grain/cell). For a cell to be considered labeled, it had to have a grain 
count of at least three times the background count. 

The grain count data were analyzed at each time point after 
administration of *H-TdR to calculate the LI (percentage of 
SACHE cells that were labeled) and the mean grain count of the 
labeled SACHE cells. The data were anlayzed statistically using a 
three-way analysis of variance. 





SACHE ceils in bone marrow of a normal serum-treated mouse 30 minutes after administration of °H-TdR (phase contrast. 


original magnification 500 x ; current magnification 375 x). (A) Note AChE reaction product in cytoplasm of SACHE cells (arrows). (B) Same 
field as (A) after processing for autoradiography. Note that the AChE reaction product is decolorized and that one SACHE cell with a 


lobulated nucleus has incroporated *H-TdR. 
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RESULTS 


Platelet counts. Platelet counts are presented in Fig 2. 
For all experimental animals the platelet count was less than 
5% of both the pretreatment and control values. Thereafter, 
the platelet count increased and reached pretreatment values 
by 76 hours after APS administration. NS had no effect on 
the platelet count. 

Labeling index of SACHE cells. The labeling index 
(LI) for SACHE cells was defined as the percentage of 
SACHE cells that were labeled and was plotted against time 
after °H-TdR administration for experimental and control 
animals (Fig 3). The initial LI (at 30 minutes) for both 
groups was about 30% (29% for experimentals and 31% for 
controls). At four hours there was no change (29% for 
experimentals and 32% for controls), but by 12 hours the LI 
reached about 50% in both groups (52% in experimentals and 
51% in controls). For the next three time points experimental 
and control values differed. At 24 hours the LI was 42% for 
experimental animals and 69% for controls. Both groups 
attained peak values at 48 hours (77% in experimentals and 
92% in controls). By 72 hours there was a decline in LI for 
both groups (54% in experimentals and 76% in controls). The 
difference between experimental and control groups was 
significant (P < 0.02). 

Mean grain counts. The mean grain count (MGC) for 
each animal was calculated by averaging the grain counts of 
all the labeled cells for that animal. For comparison, the 
MGC at 30 minutes was assigned a value of 1.0, and each 
subsequent MGC was expressed as a proportion of the initial 
value. These data are presented in Fig 4. Both groups 
demonstrated a rise in MGC at four hours, and the MGC 
decreased at each subsequent time point. The difference in 
MGC between groups was not significant (P > 0.1). 

To summarize, in both experimental and control groups, 
the LI increased after four hours, peaked at 48 hours, and 
then decreased. After 12 hours the LI for the experimental 
group was lower than for the control group. In both groups 
the MGC decreased sharply at first and thereafter at a 
slower rate. 

Morphology of SACHE cells. The nuclear morphology 
of SACHE cells was sometimes difficult to assess with 
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Fig 2. Mean platelet counts of mice after administration of 
antiplatelet serum (APS) or normal serum (NS). The mean platelet 
count of 26 untreated mice is shown on the graph for comparison. 
Error bars indicate +1 standard error of the mean (SEM). Where 
error bar is absent, SEM falls within the point. 
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Fig 3. Labeling index of SACHE cells in APS- and NS-treated 
mice. Error bars indicate +1 SEM. Where error bar is absent, SEM 
falis within the point. 


certainty, as round and tightly lobulated nuclei could not 
always be distinguished. If the nuclear morphology could be 
determined unequivocally, the cell was included in the analy- 
sis. The three morphologic types described by Long and 
Williams’? were noted in the present study, although the 
percentages were slightly different. Examples of SACHE 
cells before and after autoradiographic processing are pre- 
sented in Fig 1. 

In APS-treated mice, there was an altered frequency 
distribution of nuclear morphologies that varied with time 
(Table 1). As indicated by these data, experimental mice had 
decreased percentages of cells with a round and indented 
nucleus and an increased percentage of cells with a lobulated 
nucleus at early time points. Later on the percentage of cells 
with a round or indented nucleus was increased along with a 
decrease in the proportion of cells with a lobulated nucleus 
(P < 0.05). 

The nuclear morphology of cells initially labeled was 
compared to that of unlabeled cells (Table 2). The frequency 
distribution of nuclear morphologies of both labeled and 
unlabeled cells was similar to that of all SACHE cells at 30 
minutes after *H-TdR or 4.5 hours after APS administra- 
tion, indicating that uptake of 7H-TdR was not favored by a 
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Fig 4. Relative mean grain count of SACHE cells in APS- and 
NS-treated mice. A value of 1.0 was assigned to the mean grain 
count (MGC) at 0.5 hour. and each subsequent MGC was 
expressed as a proprotion of the initial value. The actual values +1 
SEM for experimental and control animais respectively were: at 30 
minutes, 22 + 1 and 25 + 2; at 4 hours, 30 + 5 and 37 + 5; at 12 
hours, 18 + 2 and 17 + 3; at 24 hours, 9 + 1 and 14 + 1; at 48 
hours, 8 + O and 11 + 1: and at 72 hours, 6 + O and B + 2. 


INCORPORATION OF *H-TdR BY SACHE CELLS 


Table 1. Nuclear Morphology of SACHE Cells 








Time after APS 
(h) n Round indented Lobulsted 
4.5 976 1.35 +0.02 6.50 +0.07 92.14 + 0.08 
8 663 4.79 +0.08 11.65 +0.14 83.56 + 0.22 
16 683 3.91 +0.08 10.92 + 0.13 85.17 + 0.20 
28 560 1.96 + 0.05 12.39 + 1.80 85.60 + 0.08 
52 664 9.27 +0.06 21.68 + 0.21 69.05 + 0.21 
76 623 9.35 + 0.06 22.58 + 0.15 68.07 + 0.14 
Control 3,849 5.06 + 0.03 16.81 + 0.08 78.13 + 0.11 





Values are mean percent + SEM; n, number of SACHE celis 
evaluated. 


cell with a particular nuclear morphology. In APS-treated 
mice, the percentage of labeled cells with a round nucleus 
showed a greater increase with time than that of unlabeled 
cells. By 72 hours after *H-TdR administration, 12.15% + 
0.09% had a round nucleus (n = 337; mean + SEM) as 
compared to 5.54% + 0.39% (n = 286) in unlabeled cells and 
9.35% + 0.10% (n = 623) in all SACHE cells from APS- 
treated mice at 72 hours (P < 0.02). 

SACHE cells were subject to both shrinkage and swelling 
due to the effects of fixation, histochemical reactions, and 
autoradiographic processing. Cell diameters could not, 
therefore, be considered absolute measures of cell size and 
were more useful for relative comparisons among groups of 
cells. The mean diameter of SACHE cells from APS-treated 
animals was 12.59 + 0.23 um (n = 4,609; mean + SD) and 
for NS-treated animals was 12.63 + 0.18 um (n = 4,387: 
mean + SD). There were no significant differences between 
time points or treatment groups (P > 0.1). In APS-treated 
mice the cell diameter of initially labeled cells was signifi- 
cantly greater than that of unlabeled cells (14.24 + 1.69 um 
and 11.96 + 1.59 um, respectively; P < 0.001). Results from 
control animals were similar. 

Electron microscopy. The AChE reaction product was 
present in mature megakaryocytes and in a population of 
small cells but was absent in eosinophils at all stages of 
maturation (Fig 5). 


DISCUSSION 


The following conclusions can be made from the present 
study: (a) SACHE cells are heterogeneous with respect to 
cell cycle, with only 30% initially incorporating *H-TdR. The 
percentage increases with time, peaking at 48 hours, but is 
lower in APS-treated animals after 12 hours. The MGC 
decreases concomitantly with the increasing LI. (b) SACHE 
cells are heterogeneous with respect to nuclear morphology, 
and the lobulated nucleus is the most prevalent form, 
followed by the indented and round forms. Following injec- 
tion of APS, the percentages of round and indented forms 
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Fig 5. 


Electron micrograph of bone marrow stained for AChE 
activity (original magnification 7200x; current magnification 
5400 x). An ACHE-positive cell contains reaction product in the 
nuclear envelope and in profiles of endoplasmic reticulum (ar- 
rows). An eosinophil with characteristic crystalloid inclusions 
(arrow heads) contains no reaction product. 


decrease below control values but are higher than control 
values after two days. Cells with all three nuclear morpholo- 
gies are capable of incorporating *H-TdR, and the percent- 
age of cells with a round nucleus is greater in labeled than in 
unlabeled cells by 72 hours. (c) While the size of cells in the 
compartment of SACHE cells remains stable, cells that 
initially incorporate *H-TdR are larger than unlabeled cells. 

We had hypothesized that a high proportion of SACHE 
cells would incorporate *H-TdR based on the increased LI of 
mature megakaryocytes by 24 hours*™™ and the apparent 
susceptibility of precursors of mature megakaryocytes to 
cytotoxic drugs.™®” Since only 30% of SACHE cells initially 
labeled in this study, the possibility that mature megakaryo- 
cytes have a more immediate precursor than the SACHE cell 
was considered. This is unlikely in view of the studies on 
density profiles* and the relationship of SACHE cells to 
megakaryocytes.” A more likely explanation for the initially 
low labeling index is that SACHE cells are heterogeneous 
with respect to cell cycle status. 

The lower peak LI in thrombocytopenic animals is proba- 
bly the result of both an influx of cells from an initially 
unlabeled compartment and an efflux of labeled cells into the 
compartment of recognizable megakaryocytes, with both of 
these events occurring at a more rapid rate in thrombocyto- 
penic animals. Under conditions of acute thrombocytopenia 
similar to those in the present experiments, the increase in 


Table 2. Nuclear Morphology of Labeled and Unlabeled SACHE Cells 30 Minutes Post-°H-TdR Administration 








Labeled Unlabeled 
n Round indented Lobulated n Round indented Lobulated 
APS-treated 275 1.58 + 0.08 5.26 +0.23 93.17+0.22 701 1.31 + 0.02 6.98 +0.10 91.72 + 0.09 
NS-treated 252 4.09+0.17 14.39+0.80 81.53+0.76 683 3.45+013 11.49+0.14 85.06 +0.24 


Values are mean percent + SEM; n, number of SACHE cells evaluated. 
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CFU-M in S phase occurred by 24 hours and reached a 
maximum value of 49% at 40 hours.'* While a slight increase 
occurred at 12 hours, no change was observed at six hours. 
Thus, the majority of CFU-M would be unlabeled by °H- 
TdR administered four hours after APS. As these unlabeled 
cells begin to synthesize DNA, they would eventually 
acquire the AChE marker and would enter the SACHE cell 
compartment. These unlabeled cells would decrease the LI. 
In control animals, influx of unlabeled cells may also occur, 
but at a slower rate. Efflux of labeled SACHE cells into the 
compartment of recognizable megakaryocytes is also likely 
to occur at a more rapid rate in thrombocytopenic animals, as 
labeled cells appear in the compartment of Stage I mega- 
karyocytes more rapidly in thrombocytopenic animals.''*'* 

Antibody-induced damage of SACHE cells is an unlikely 
cause for the lower peak LI in experimental animals. Previ- 
ous studies have suggested that damage to mature mega- 
karyocytes is minimal or lacking when small single doses of 
antiserum are used.'®!7?285 In addition, administration of 
thrombopoietin or APS had similar effects on SACHE cells 
with respect to changes in the percentage of these cells in the 
bone marrow.’ Also, no reduction in CFU-M occurred when 
bone marrow cells were preincubated with APS prior to 
plating or when APS was included in the plating mixture." 

The decrease in LI at 72 hours in both groups of mice can 
be explained by the maturation of labeled SACHE cells into 
recognizable megakaryocytes and the entry of unlabeled 
cells into the SACHE cell compartment by 72 hours. This is 
consistent with reports that recognizable megakaryocytes 
attain peak labeling at three days due to an influx of labeled 
precursors and maturation of cells through the compart- 
ment.! 

In both experimental and control groups in this study, the 
MGC decreased while the LI increased. Cellular division, 
resulting in the distribution of labeled DNA among an 
increased number of cells, is one explanation for this phe- 
nomenon. However, while some SACHE cells may be capa- 
ble of cellular division, most are not proliferating” but are 
undergoing endomitosis. Other factors that may have con- 
tributed to the concurrent increasing LI and decreasing 
MGC are efflux of more heavily labeled SACHE cells into 
the compartment of recognizable megakaryocytes and influx 
of lightly labeled cells from the CFU-M compartment. 
Further studies are needed to explore these various possibili- 
ties. 

Consistent with a previous report," we found that the most 
frequent nuclear morphology is the lobulated form. If this is 
also the most mature SACHE cell, the higher percentage 
present four to 24 hours after APS may represent a “shift to 
the right” in this population of cells. This is also suggested by 
the larger size of initially labeled cells. 

In an earlier study,” hydroxyurea, an inhibitor of DNA 
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synthesis that lethally damages cells in S phase,’ was found 
to reduce only SACHE cells with a round nucleus, which 
represented less than 2% of the total SACHE cell compart- 
ment.'? Our studies indicate that uptake of °H-TdR, which 
labels cells in DNA synthesis but is not cytotoxic at the doses 
used,” is not limited to cells with a round nucleus. In fact, the 
highest percentage of cells that initially label have a lobu- 
lated nucleus. The marked difference in the mechanisms of 
action of these agents makes comparison difficult; however, 
the discrepancy in the percentage and morphology of cells 
affected may be the result of a higher resistance of polyploid 
SACHE cells, which incorporate *H-TdR during endomito- 
sis, to the lethal effects of hydroxvurea. 

Recently a question was raised about the positive staining 
of eosinophils at the light microscopic level.* In the present 
study it is unlikely that the AChE-positive cells represent 
eosinophils for the following reasons: (a) eosinophils that 
have a lobulated or segmented nucleus are postmitotic and 
therefore would not incorporate *H-TdR; (b} cytoplasmic 
reaction product was visualized as black and granular with 
phase microscopy and diffusely golden brown (Hatchett’s 
brown) under bright field microscopy; after decolorization of 
the AChE reaction product, no eosinophilic granules were 
seen in the Romanovsky-stained smears; and (c) in the 
examination of marrow sections by electron microscopy, we 
found that with the more sensitive technique of ultrastructu- 
ral localization of AChE reaction product, positive eosino- 
phils were never found at any stage of maturation. 

These data are consistent with the following model of 
megakaryocytopoiesis: the CFU-M, normally in a relatively 
quiescent state, replenishes its own pool while feeding the 
SACHE cell compartment. SACHE cells are a heteroge- 
neous population of cells with respect to cell cycle status and 
morphology, and are immediately responsive to marked 
changes in platelet mass. At least some proportion of 
SACHE cells are capable of cellular proliferation, while the 
most mature have begun the process of endomitosis. This 
compartment of cells is replenished by the CFU-M, and this 
occurs at a more rapid rate after the stress of thrombocytope- 
nia. Inturn, SACHE cells feed the compartment of recogniz- 
able megakaryocytes as the most mature SACHE cells, 
which are larger and have a lobulated nucleus, become Stage 
| megakaryocytes. Differentiation of cells committed to 
megakaryocytopoiesis may be directed by local and systemic 
mechanisms. SACHE cells constitute a heterogeneous group 
of cells in which the key element of differentiation is the 
change from mitosis to endomitosis, regulated at least in part 
by the end product of mature megakaryocytes. 
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Erythroid Marrow Function in Anemic Patients 


By Mario Cazzola, Pensri Pootrakul, Helmut A. Huebers, Mary Eng, Joseph Eschbach, and Clement A. Finch 


Erythropoietic activity is known to be closely associated 
with marrow iron uptake. A modification of the standard 
measure of plasma iron turnover has been developed in 
which erythron transferrin uptake (ETU) rather than iron 
uptake has been calculated. The EFU has the advantage of 
providing a parameter of erythroid marrow activity inde- 
pendent of change produced by plasma iron and transferrin 
saturation. Measurements in 80 patients with anemia were 
compared to the normal value of 60 + 12 wmol/L whole 
blood/d. The mean ETU for ten patients with severe 
aplastic anemia and for six patients with pure red-cell 
aplasia were 12 + 8 and 12 + 11 pmol/L whole blood/d, 
respectively. In ten transfusion-dependent patients with 
renal failure under dialysis therapy, the mean value was 
35 + 11, while ten other dialyzed patients who were 
transfusion independent had a mean ETU of 73 + 21 


ISORDERS of erythroid marrow function may be 

characterized as affecting marrow proliferation and/ 
or red cell maturation. For clinical purposes the former is 
evaluated by marrow aspiration or biopsy, and the latter by 
the relationship between the reticulocyte index and marrow 
proliferation as judged by marrow examination.’ Limitations 
to the quantitation of erythroid marrow activity from a 
minute sample have led to a continued search for a more 
adequate means of estimating erythroid marrow activity. 
Beginning with the original measurements of Huff and 
associates,’ the measurement of plasma iron turnover has 
been continually refined to reflect more quantitatively ery- 
thron iron uptake.*”’ 

In the last few years, attention has focused on the reaction 
between transferrin iron and its membrane receptors.*” The 
assumption of a single plasma iron pool, so essential to 
previous kinetic measurements, has been shown to be errone- 
ous.'!? There are actually two plasma iron pools, one com- 
posed of monoferric transferrin and the other of diferric 
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pmol/L whole blood/d. Sixteen patients with hemolytic 
anemia had an average ETU of 400 = 130, while 28 patients 
with ineffective erythropoiesis had a mean value of 474 + 
147 pmol/L whole blood/d. While patients with hypopro- 
liferative anemia showed no relation between the severity 
of anemia and ETU, those with hyperproliferative erythroid 
marrow showed increasing values as the anemia became 
more severe. Sequential measurements in patients with 
aplastic anemia under treatment and in thalassemic 
patients under transfusion therapy showed the value of 
this measurement in monitoring the effects of treatment 
on erythroid marrow activity. it is concluded that the 
measurement of ETU provides a more direct ferrokinetic 
evaluation of erythroid activity in anemic states. 

© 1987 by Grune & Stratton, Inc. 


transferrin. The diferric molecule has a greater capacity to 
deliver iron to tissue receptors than the monoferric species." 
Since the in vivo loading of iron on transferrin is a random 
phenomenon, the quantitative relationship between these two 
plasma iron pools and their respective iron clearance is 
predictable.'°'? The critical reaction is the uptake of the 
transferrin-iron-receptor complex into the cell, and this 
occurs at the same rate, regardless of whether there are one 
or two molecules of iron on the transferrin molecule. In a 
recent study dealing with normal subjects, a simple approach 
to the measurement of transferrin-receptor interaction in 
normal man was presented, and the transferrin uptake was 
shown to be independent of plasma iron concentration and 
transferrin saturation. This approach has now been 
extended to the measurement of the erythron transferrin 
uptake in anemic patients. 


MATERIALS AND METHODS 


Patients. Ferrokinetic studies were performed in a total of 80 
patients selected to provide extremes in erythropoiesis. A first group 
included ten individuals with severe aplastic anemia (AA) and s1x 
with pure red-cell aplasia (PRCA). Criteria for the diagnosis of 
severe aplastic anemia’ included a hypocellular bone marrow on 
bone marrow biopsy (less than 30% cellularity) and two of the 
following three factors: reticulocyte index <1, granulocytes <0.5 x 
10°/L, and platelets <20 x 10°/L." Criteria for the diagnosis of 
PRCA? included the virtual absence of erythroid cells in the marrow 
but abundant marrow precursors for other cell species, a transfusion- 
dependent anemia associated with a decrease in reticulocyte index 
below 1, the presence of circulating granulocytes >2 x 10°/L, and 
platelets >100 x 10°/L. In addition to the above criteria and in 
order to select the most severely affected individuals, only those with 
less than or equal to 10% of injected radioiron in circulating red cells 
at two weeks were included in this first group. A second group was 
composed of 20 patients with severe renal disease with azotemia, all 
of whom were on renal dialysis. Within this group ten patients 
needed repeated transfusions to maintain their hematocrit over 20%, 
and ten other patients did not require transfusion. 

The remaining 44 patients had anemia associated with erythroid 
marrow hyperplasia. There were 16 patients with hemolytic anemia, 
eight of whom had sickle cell disease. four hereditary spherocytosis, 
two red cell enzyme defects (pyruvate kinase deficiency, glucose 
6-phosphate isomerase deficiency), one autoimmune hemolytic ane- 
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mia, and one fragmentation hemolysis. Another group of 28 patients 
demonstrated ineffective erythropoiesis with erythroid marrow 
hyperplasia. Ten of these patients had 8-thalassemia intermedia 
with hemoglobin concentrations between 6 and 9 g/dL,’° while 16 
patients had 8-thalassemia/Hemoglobin E disease, the criteria for 
which have been described elsewhere.” 

Ferrokinetic measurements, Details of the measurement of 
plasma iron turnover have been previously summarized.'*'° In these 
studies it was standard practice to inject FeSO, (0.2 ug containing 
2 uCi “Fe at pH 2) intravenously (IV) over a period of five minutes. 
However, in individuals with transferrin saturation > 70%, radioiron 
was bound to norma! plasma in vitro, and then the tracer saturation 
was adjusted to that of the patient’s own plasma using cold ferrous 
ammonium sulfate.'? 

Plasma iron turnover was routinely calculated employing the 
formula’: 


PI (ug/dL) x (100 ~ Het x 0.9) 


PIT (mg/dL whole blood /d) = T1/2 (min) x 100 


This formula is suitable for turnover measurements as long as the 
blood volume (BV) is not significantly different from that predicted 
(+10%). A comparison was made of the determined BV based on the 
dilution of the injected isotope, as compared to the predicted BV.” 
Where there was a significant increase (>10%), the observed PIT 
was corrected by multiplying it by the ratio between determined and 
predicted plasma volume for the patient’s plasmatocrit. 

In some instances the radioiron red-cell utilization (RCU) was 
calculated from the red cell activity at 14 days and the amount of 
radioactivity injected as described by Cook and Finch.” 

Additional calculations, discussed more in detail elsewhere,'? were 
made to convert the plasma iron turnover to the transferrin-iron 
complex uptake by the erythron. This involved (a) the subtraction of 
the extravascular plasma flux (EVF), (b) a correction designed to 
convert tissue iron uptake (IU) to tissue transferrin uptake (TU), 
and (c) the subtraction of nonerythroid transferrin uptake to leave 
erythron transferrin uptake (ETU). 


(100 ~ Het x 0.9) 
100 


IU (mg/dL wb/d) = PIT — EVF 


IU (mg/dL wb/d) x 10,000 200+ 2.25 
56 *200 + 6.48 


EVF (mg/dL wb/d) = PI (ug/dL) x x 0.0015 


TU (umol/L wb/d) = 


where S is the percent transferrin saturation, and wb/d stands for 
whole blood /day. 

The final correction to allow for transferrin-iron going to non- 
erythroid receptors is made by subtracting the mean volume value of 
11 umol/L whole blood/day'? from the calculated transferrin 
uptake: 


ETU (umol/L wb/d) = TU (umol/L wb/d) — 11 


Plasma iron and transferrin saturation were measured as 
described elsewhere.” Hematocrit was determined by the micro- 
method. “Fe activity was determined by gamma counting. Plasma 
volume was calculated from the *Fe-transferrin dilution.” 

Statistical analysis. Statistical analysis was performed using 
the CLINFO computer system (University of Washington, Seattle, 
WA). All results are given as mean +1 SD. The significance of the 
differences between means was tested by the Student’s t test. 


RESULTS 


Data obtained in 80 subjects are summarized in Table 1. 
Ten patients with aplastic anemia had an average transferrin 
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saturation of 90% + 9%, a mean plasma iron turnover of 
0.57 + 0.10 mg/dL whole blood/d, and a mean ETU of 12 + 
8 umol/L whole blood/d. Radioactivity in the blood at two 
weeks amounted to an average of 4% + 4% (range 0% to 
10%). Six additional patients with PRCA had a mean 
transferrin saturation of 94% + 5%, a mean plasma iron 
turnover of 0.57 + 0.15 mg/dL whole blood/d, an ETU of 12 
+ 11 mol/L whole blood/d, and a mean red-cell utilization 
at two weeks of 3% + 3% (range 0% to 6%), Thus, in these 
subjects the mean values for PIT were 80% of normal 
whereas ETU values averaged 20% of normal. 

Ten patients with transfusion-dependent renal failure 
under continuous dialysis treatment had a mean transferrin 
saturation of 80% + 15%, a mean plasma iron turnover of 
0.73 + 0.16 mg/dL whole blood/d, and an average ETU of 
35 + 11 pmol/L whole blood/d. Red cell utilization in the 
ten patients averaged 26% + 10% (range 12% to 47%). By 
contrast, a second group of dialyzed patients who were able 
to sustain their hematocrit without transfusion had a mean 
transferrin saturation of 28% + 6%, a mean PIT of G.77% + 
18% mg/dL whole blood/d, and a mean ETU of 73 + 21 
mmol/L whole blood/d. Their red cell utilization averaged 
71% + 13% (range 55% to 89%). Whereas there was no 
difference between the mean PITs of the two groups of renal 
patients (f = 0.55, P > 0.05), the mean ETU of those 
patients who did not need blood transfusions was signifi- 
cantly higher than that of transfusion-dependent patients 
(¢ = 5.17, P < 0.0001). 

Sixteen patients with hemolytic anemia were heteroge- 
neous in respect to the cause of their anemia, to its degree 
(hematocrit varied from 18% to 35.5%), plasma iron concen- 
tration (46 to 279 pg /dL), and transferrin saturation (11% to 
91%). Plasma iron turnover averaged 3.86 + 1.45 mg/dL 
whole blood/d but ranged from 1.26 to 6.64 mg/dL whole 
blood/d. ETU averaged 400 + 130 pmol/L whole blood/d 
but ranged from 168 to 612 wmol/L whole blood /d. 

A similar heterogeneity was observed in 28 patients with 
ineffective erythropoiesis. Hematocrits varied from 15.1% to 
34.5%, plasma iron from 52 to 308 wg/dL, and transferrin 
saturation from 16% to 98%. Mean PIT was 5.11 + 1.85 
mg/dL whole blood/d with a range from 1.40 to 9.23, and 
ETU values averaged 474 + 147 umol/L whole blood/d with 
a range from 176 to 809. 

All patients with aplastic anemia, pure red-cell aplasia, 
and renal failure associated with anemia had erythroid 
marrow activity as judged by ETU between 0 and 1.6 x 
basal. On the other hand, patients with hemolytic anemia 
and ineffective erythropoiesis showed values between 2.8 and 
13.5 times basal (all values but two being greater than 3). 
When ETU was plotted against the hematocrit (Fig 1}, there 
was no apparent relationship among hypoproliferative 
patients between the severity of the anemia and ETU (r = 
0.32, P = 0.06), whereas there was an inverse correlation 
among hyperproliferative patients (r = —0.71, P < 0.001). 

Sequential studies were carried out in five patients with 
pure red-cell aplasia under treatment after an appropriate 
interval of time (Fig 2). These measurements showed no 
change in marrow activity in two patients and improvement 
in three by both improvement in hematocrit and clearly 
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Table 1. Ferrokinetic Studies 




















Retic Plasma 
Het index iron Tf Sat. T-1/2 RCU PIT ETU 
Condition (%) (x basal) (@/ dL) (%) imin.} (%} (mg/dl /d) (umot/L/d) 
Normal Subjects (53) 42+4 ~ 4 112 + 43 35 + 11 80 + 15 85 +4 0.71 +0.17 60 + 12 
Aplastic Anemia (10) 30 0.3 493 98 530 6 0.68 1 
22 0.0 319 96 415 0 0.62 10 
22 0.0 154 87 292 — 0.42 11 
13 0.5 189 80 272 — 0.61 23 
31 0.1 350 94 426 oo 0.59 8 
24 0.3 197 69 404 0 0.38 4 
17 0.3 243 95 307 2 0.67 21 
17 0.4 282 95 464 Q 0.51 3 
27 0.1 282 96 345 10 0.62 16 
25 0.1 228 90 307 8 0.57 17 
Average: 23 +6 0.2 + 0.2 274 +9 90 +9 376 + 88 4:4 0.57 + 0.10 12 +8 
Pure Red-Cell Aplasia (6) 14 0.0 202 85 399 6 0.44 6 
16 0.0 274 97 331 1 0.71 21 
27 0.2 300 94 245 —— 0.77 28 
20 0.1 322 98 456 5 0.58 5 
29 0.0 178 94 275 — 0.47 14 
20 0.0 244 96 472 0 0.42 0 
Average: 21+6 0.1 +0.1 253 + 56 94+5 363 + 94 323 0.57 + 0.15 12 £11 
Renal Failure A (10) 28 1.2 146 50 206 47 0.53 28 
26 0.6 205 78 234 16 0.67 30 
22 0.8 217 82 249 33 0.76 30 
23 1.0 196 81 192 17 0.70 33 
26 1.0 261 89 202 23 0.99 52 
20 1.9 275 93 240 24 0.94 44 
20 2.4 181 85 222 32 0.67 31 
22 0.9 206 92 374 12 0.55 17 
18 1.6 187 88 177 33 0.88 48 
22 0.4 184 57 222 27 0.67 35 
Average: 23 +3 1.2 + 0.6 206 + 38 80 + 15 232 + 55 26 + 10 0.73 + 0.16 35 + 11 
Renal Failure B (10) 29 1.6 82 30 70 85 0.87 83 
28 0.9 57 21 53 89 0.80 86 
31 1.4 76 28 94 71 0.58 50 
20 0.4 67 31 120 66 0.46 34 
24 2.0 135 41 114 62 0.93 75 
30 1.1 78 23 62 89 0.92 97 
16 2.8 56 22 84 57 0.57 54 
29 1.9 61 24 66 75 0.69 68 
20 0.8 84 34 76 55 0.94 84 
31 1.8 98 30 72 64 0.99 96 
Average: 26 +25 1.5 + 0.7 79 + 24 28 +6 81+ 22 71 +* 13 0.77 + 0.18 73 + 21 
a ha a ane a Eh art a eh OA eee a ak ee a Sie eek ee 
Hemolytic Anemia (16) 30 — 130 44 32 oe 2.98 301 
24 = 72 30 19 — 3.74 432 
30 — 109 34 39 oe 2.76 295 
26 9.0 148 60 25 66 4.56 435 
21 — 97 35 28 _ 5.09 558 
21 oo 104 38 23 ——— 5.65 612 
24 _ 107 38 23 49 4.45 480 
22 _ 279 91 34 a 6.64 545 
28 a 77 27 26 — 2.22 254 
32 — 254 81 32 ~~ 5.52 482 
25 4.2 55 17 15 87 2.93 382 
32 men 46 11 26 95 1.26 168 
27 6.6 88 33 17 — 3.99 450 
34 4.2 133 40 44 —_ 2.09 209 
36 4.4 234 86 40 63 3.98 335 
18 6.0 78 34 17 = 3.89 435 
Average: 27 +5 5.7 + 1.9 126 + 70 44 +24 27 +9 72 + 19 3.86 + 1.45 400+ 130 


r ne e aee 


ERYTHROID MARROW FUNCTION IN ANEMIC PATIENTS 


239. 


Table 1. Ferrokinetic Studies (Cont‘d) 


HA aaan aneen ma setna assent Aan a e A ri mintaan daaa aa a a Yo anwa en 
Arae ee a a RIT near a a aanrennen At maa aaas 





Retic Plasma 
Het Index iron Tf Sat. T-1/2 RC PIT ETU 
Condition (%} {x basal) (ug/dl.} {%} imin.} (9%) (mg/dl /d) tumnal/L/d) 
ineffective Erythropoiesis (28) 30 0.3 52 16 29 42 1.40 176 
27 0.3 94 35 21 28 3.38 371 
25 2.1 85 37 16 29 4.67 515 
22 0.8 80 39 25 41 4,55 486 
25 _ 133 90 17 14 §.99 523 
23 vn 128 86 25 19 6.24 545 
21 0.3 308 97 63 33 4.92 389 
20 1.4 73 35 13 22 5.63 635 
31 0.8 95 43 25 43 3.32 345 
24 uS 60 34 14 23 3.86 434 
32 0.5 80 34 36 = 2.15 228 
15 — 134 91 18 g 9.23 809 
25 one 246 97 31 42 5.46 454 
19 coo 241 93 37 28 6.56 551 
21 — 185 94 22 28 8.80 760 
20 = 280 85 40 44 8.44 726 
23 aa 179 97 26 6.78 675 
18 - 243 98 47 = 5.53 450 
24 0.8 192 71 30 ~ 5.04 454 
25 1.2 137 59 24 on 4.45 426 
21 1.0 140 67 25 a 4.65 430 
30 0.8 138 49 30 -— 3.37 336 
35 1.0 150 50 28 = 3.69 365 
31 0.5 139 51 23 = 4.36 435 
24 1.2 224 74 41 a 4.28 378 
24 1.4 207 74 23 - 7.03 BAZ 
31 0.7 174 78 23 mam 5.43 457 
31 1.2 179 67 33 X 3.93 358 
2525 0.9 + 0.5 156 + 68 66 + 25 28 + 11 30 + 11 5.11 + 1.85 474 + 147 


Average: 
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demonstrable increases in marrow erythroid activity. 
Sequential measurements in patients with thalassemia or 
sickle cell anemia undergoing transfusion therapy showed 
the suppressive effect of higher hematocrit on erythroid 
activity but erythropoietic activity was still two to three times 
basal for hematocrit values around 40% (Fig 3). In these 
latter studies there was a close correlation (r = 0.86, P < 
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Fig 1. Relationship between hematocrit and erythron trans- 
ferrin uptake (ETU) in anemic patients. Patients with conditions 
known to be associated with impaired proliferative response to 
anemia are shown with open circles (©) and patients with condi- 
tions associated with a normal proliferative response to anemia 
are shown with solid circles (@). 
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0.01) between ETU and erythroid: myeloid ratio of the 
marrow. 


DISCUSSION 


Within the circulating blood there is a constant flow of 
iron from donating cells via transferrin to membrane trans- 
ferrin receptors of tissues requiring iron. The marrow nor- 
mally receives about four fifths of all iron passing through 
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Fig 2. Ferrokinetic studies carried out before and after treat- 
ment in patients with pure red cell aplasia. Three patients showed 
both improvement in hematocrit and increased marrow erythroid 
activity, while two unresponsive patients showed no change in 
either. 
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Fig 3. Sequential ferrokinetic studies in patients with thalas- 
semia and sickle cell anemia undergoing transfusion therapy. The 
relationship between hematocrit concentration and erythropoietic 
activity is illustrated. 


the plasma for incorporation into hemoglobin. It has there- 
fore been assumed that erythroid marrow function would be 
quantitatively related to iron turnover. In some conditions, 
however, the plasma iron turnover gives a poor reflection of 
the state of erythropoiesis, since other pathways of iron 
exchange are increased while erythron iron uptake is 
reduced. A number of elegant models of iron kinetics have 
been developed that take into consideration the amount of 
iron going to erythroid and nonerythroid tissues and various 
refluxes of iron from those tissues.**’ Such models require 
sophisticated processing of experimental data derived from 
blood sampling over ten to 14 days, and although they have 
been of value in developing an understanding of erythroid 
disorders, they are not practical for clinical usage and the 
results are themselves subject to criticism. These models are 
based on the erroneous assumption of a single plasma iron 
pool and, for the most part, have not considered the effect of 
transferrin saturation on iron turnover. The principal focus 
of this work was to develop a simple ferrokinetic approach to 
quantitation of erythropoiesis by applying recent knowledge 
concerning iron exchange between transferrin and body cells 
to ferrokinetic measurements. 

The plasma iron turnover is derived from the hematocrit, 
the plasma iron, and the rate of disappearance of radioiron 
from circulation." Before a relationship between tron 
turnover and erythropoietic activity could be exploited, it was 
first necessary to allow for transferrin iron going to extravas- 
cular fluid and not initially taken up by cells. This was done 
based on the relationship previously described by Cook et al 
between plasma iron and extravascular flux.* 

The key to the present approach depends on the reaction 
between transferrin iron and its membrane receptors. We 
have previously shown that the plasma iron turnover 
increases with increasing plasma iron and transferrin satura- 
tion. Cook et alf thought this was due to increased nonery- 
throid iron uptake, an assumption no longer tenable. It is now 
known to be due to an increased proportion of diferric iron as 


CAZZOLA ET AL 


saturation increases and the greater capacity of diferric 
transferrin to deliver iron to all membrane receptors, ery- 
throid and nonerythroid. This does not necessarily imply that 
erythropoiesis is increased at higher saturations but is rather 
a reflection of the increased proportion of diferric transferrin 
molecules. 

We have demonstrated that transferrin uptake can be 
derived empirically from plasma iron turnover, once extra- 
vascular flux has been subtracted, knowing the preference 
ratio between the two forms of plasma iron and the relative 
amount of each." Transferrin uptake so derived was found to 
be independent of plasma iron and transferrin saturation, 
and this suggested that the critical measurement of erythroid 
marrow function could be best described by erythroid trans- 
ferrin uptake once allowance had been made for nonery- 
throid transferrin uptake. The nonerythroid tissues of the 
body have a limited capacity to assimilate iron. After injec- 
tion of radioiron, normal subjects have only about 15% of the 
activity outside of the red cell mass at two weeks. Further- 
more, there is little evidence to date that these nonerythroid 
receptors, most of which reside in the liver, can change 
greatly in number except in the presence of iron deficiency 
(Tanin et al, unpublished data). This means that the number 
of iron-bearing transferrin molecules reacting with mem- 
brane receptors on nonerythroid tissues can be considered 
relatively constant, and the mean normal value of 1! pmol 
transferrin/L whole blood/d has been assumed in the present 
study.” According to these calculations, erythron transferrin 
uptake in normal subjects averages 60 + 13 pmol/L whole 
blood /d. 

A first opportunity to examine the appropriateness of the 
various corrections made to obtain the ETU was provided by 
patients with severe aplastic anemia and pure red-cell apla- 
sia. Among the 16 patients studied, whose plasma iron 
turnover ranged from 0.38 to 0.77 mg/dL whole blood/d, 
values for ETU ranged from 0 to 28 pmol/L whole blood /d. 
No patient had a value below 0, indicating that estimates of 
nonerythroid iron turnover were not overcorrected. The red 
cell utilization of 3% to 4% when compared to the mean ETU 
of 12% the basal value suggested that a major portion of the 
residual erythroid activity in these patients did not result in 
the production of viable red cells. Evidence of dyspoiesis in 
aplastic anemia has been reported.” 

Studies in renal patients provided another opportunity to 
compare the clinical status with the ferrokinetic evaluation 
of erythropoiesis. Renal patients have a combination of 
impaired marrow stimulation due primarily to inadequate 
erythropoietin production and also increased red cell hemo- 
lysis, but erythropoiesis is effective.'* Studies of two groups 
of dialyzed patients, one self-sufficient and the other transfu- 
sion dependent, showed no difference in plasma iron turnover 
(0.77 + 0.18 v 0.73 + 0.16 mg/dL whole blood/d) but a 
conspicuous difference in erythroid activity in the two 
groups, ie, 73 + 21 v 35 = 11 pmol/L whole blood/d. 
Assuming that both had the same degree of shortening of red 
cell life span to about one-half normal, the difference in 
hemoglobin concentration was adequately explained by the 
greater impairment in production in the transfused group. 

Patients with hemolytic anemia had an average ETU of 
400 + 130, and patients with ineffective erythropoiesis 474 + 
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147 pmol/L whole blood/d. These can be translated into 
mean erythropoietic rates of 6.7 and 7.9 times basal, respec- 
tively. In some of these patients the reduction of erythropote- 
sis after transfusion was measured (Fig 3). Quantitative 
aspects of the relationship between blood hemoglobin con- 
centration or hematocrit and suppression of erythropoiesis 
are not well defined. There is ample clinical evidence that 
suppression of erythropoiesis by transfusion is required for 
thalassemic patients if distension of the marrow and distor- 
tion of the skeleton are to be prevented. Previous measure- 
ments on patients with thalassemia were made by Cavill et 
al” at hemoglobin levels from 9 to 17 g/dL. According to 
their detailed analysis of the plasma iron disappearance 
curve, erythropoiesis as judged by marrow iron turnover 
became normal or subnormal at a blood hemoglobin concen- 
tration of 11 to 12 g/dL. They comment, however, that the 
marrow still showed normoblastic hyperplasia. It might be 
anticipated from the type of analysis performed by them that 
ineffective erythropoiesis could not be completely separated 
from iron exchange with nonerythroid tissues, and this could 
cause total erythropoiesis to be underestimated.'*”* In stud- 
ies reported here, erythropoiesis did decrease as the hemoglo- 
bin concentration was increased by transfusion but remained 
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two to three times basal at a hemoglobin concentration of 11 
to 12 g/dL, and parallel changes in erythroid: myeloid ratio 
validated the ferrokinetic measurement. Evaluation of ery- 
throid activity can be of value in determining the degree of 
erythroid suppression after transfusion in individual patients 
with thalassemia major and also in deciding whether patients 
with thalassemia intermedia should be transfused. 

Taken as a group, individuals with an impaired marrow 
response to anemia, ie, less than two times basal, showed no 
relationship between the ETU and hematocrit, the slope of 
the regression line being not significantly different from 0. 
This suggested that the impairment in production was the 
dominant feature in causing the anemia and that the 
erythroid marrow could not respond appropriately to the 
erythropoietin stimulus produced by anemia. In contrast, 
patients with an appropriate proliferation response to anemia 
showed an inverse relationship between hemoglobin concen- 
tration and erythropoietic response. This would be consistent 
with an increased marrow stimulation by erythropoietin as 
the hemoglobin fell.' A similar relationship has been 
observed employing a more complex ferrokinetic ap- 
proach.” 
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cis-Retinoic Acid Stimulates the Clonal Growth 
of Some Myeloid Leukemia Cells In Vitro 


By H. Jeffrey Lawrence, Kevin Conner, Michael A. Kelly, Mark R. Haussler, Paul Wallace, and Grover C. Bagby, Jr 


We studied the effects of cis-retinoic acid (cisRA) on the 
clonogenic growth of samples of leukemic cells from 35 
patients with acute nonlymphocytic leukemia (ANLL). We 
observed significant inhibition of leukemic colony growth in 
17 samples by 10°’ to 10°°M cisRA. However, we found 
that retinoid exposure resulted in striking stimulation of 
clonal growth in ten samples at the same drug concentra- 
tions. With the exception of cases with promyelocytic 
features, there was no morphologic or functional evidence 
that cisRA induced the leukemic blasts to differentiate. 
Both inhibition and stimulation were dose-dependent and 
observable at pharmacologically achievable levels of cisRA. 
Leukemic cells with monocytic features more frequently 
demonstrated a stimulatory response than did those with- 
out monocytic features. Depletion of T lymphocytes and 
monocytes did not alter the type of growth response. 


HERE HAS BEEN substantial interest in the use of 
retinoids in the chemoprevention of cancer and as 
noncytotoxic chemotherapeutic agents in malignancy. 
Numerous studies in animal models have demonstrated the 
capacity of vitamin A and its derivatives to prevent malig- 
nant progression in various preneoplastic epithelial lesions 
and even reverse overt carcinoma.’ Retinoids have also been 
shown to be potent inducers of granulocytic differentiation in 
a human promyelocytic leukemia cell line, HL-60,° and in 
blasts from patients with acute promyelocytic leukemia.’ 
Retinoids have been reported to inhibit the clonal growth of 
myeloid leukemic cells in vitro at pharmacologically achiev- 
able levels* and to enhance the growth of normal myeloid and 
erythroid progenitors.°* These data suggest that retinoids 
might have clinica] utility in the treatment of acute nonlym- 
phoblastic leukemia (ANLL) by inhibiting the growth of the 
malignant clone, by enhancing normal stem cell prolifera- 
tion, and, in some cases, by inducing terminal differentiation 
in the leukemic blasts. Because of the small numbers of cases 
of ANLL previously studied in vitro, we undertook an 
investigation of the effects of retinoic acid on the clonal 
growth and differentiation of leukemic cells from a larger 
group of patients and attempted to elucidate the mechanisms 
of action. 
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Assays for cellular retinoic acid-binding protein (CRABP) 
were performed on five semples (two with inhibitory 
growth responses, two with stimulatory responses, and 
one with no growth) and failed to reveal detectable levels 
of CRABP in any case. The addition of cisRA to liquid 
suspensions of leukemic cells produced no significant 
change in the number of viable cells. We conclude that the 
effects of cisRA on leukemic colony growth are not cyto- 
toxic and not mediated by T lymphocytes, monocytes, or 
CRABP. More importantly, cisRA appears to enhance the 
growth of certain human leukemia cells in vitro. Taking into 
account the increasing use of retinoids in clinical trials for 
patients with leukemia, the latter findings may represent a 
significant cautionary note. 

è 1987 by Grune & Stratton, inc. 


METHODS 


Patients. Table 1 outlines clinical characteristics of the 35 
patients studied. A breakdown by the French-American-British 
(FAB) classification shows a predominance of cases with FAB M~-2 
and M-—4 morphology.’ Two cases of acute promyelocytic leukemia 
were studied. Most patients had receivec no prior therapy. The large 
number of patients with a previous history of a preleukemic condi- 
tion (ten cases of myelodysplasia, one case of polycythemia rubra 
vera, and one case of Down’s syndrome) reflects the link between our 
research interests and referral patterns. All patients involved in this 
study were advised of the metheds and possible risks of marrow 
aspiration, in accordance with institutional guidelines, and gave 
informed consent. 

Retinoic acid. 13-Cis-retinoic acid (cisRA) was kindly provided 
by Hoffman-LaRoche (Nutley, NJ) and was suspended in absolute 
alcohol at an initial stock concentration of 107M and serially 
diluted in phosphate-buffered saline (PBS) to provide concentra- 


were also prepared. CisRA and the controls were stored at —70° C 
in foil-wrapped tubes and were added to cultures under subdued 
light. 

Leukemic cells. Heparinized samples of bone marrow or periph- 
eral blood were obtained and light-density mononuclear cells iso- 
lated by a standard centrifugation step with Ficoll-Hypaque (Phar- 
macia Fine Chemicals, Piscataway, NJ).°° In studies on the effect of 
T lymphocyte depletion, T cells were removed by rosetting with 
sheep erythrocytes (Prepared Media Laboratories, Tualatin, OR) 
and a second Ficoll-Hypaque separation.” ° Monocyte depletion was 
accomplished by incubating cell suspensions in alpha medium and 
10% fetal calf serum in large flat-bottomed flasks for 60 to 90 
minutes at 37°C in a humidified 5% carbon dioxide atmosphere. 
Nonadherent cells were then removed by gentle pipetting and 
resuspended in their original volume.’ 

Blast colony assay. Leukemic blast colonies were grown using a 
modification of the methods of Minden et al'' and Buick et al.'? Agar 
underlayers were prepared in advance with 10% phytohemagglutin- 
in-stimulated leukocyte-conditicned medium (PHA-LCM, see 
below) and varying concentrations of cisRA or ethanol, Leukemic 
cells were suspended in 0.9% methylcellulose with alpha medium 
and 20% fetal calf serum at 100,000 to 200,000 cells/mL and plated 
in ImL aliquots on each agar underlayer. Plates were wrapped 
loosely in foil and incubated at 37 °C in a humidified 5% carbon 
dioxide atmosphere for seven days. Aggregates of five or more cells 
were counted as blast colonies and expressed as numbers per 100,000 
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Table 1. Patient Population 


Number 35 
Adults/Children 31/4 
Age 1-85 yr 

Median 58 

Male/Female 25/10 
FAB Class 

M-1 5 

M-2 14 

M-3 2 

M-~4 11 

M-5 1 

M~-6 2 
Previously untreated/treated 27/8 
History of preleukemic disorder 12 


cells plated. Three or four replicates were placed for each variable. A 
difference between variables was considered significant if the P 
value using a Stucent’s paired ¢ test was less than 0.05. 

PHA-LCM. Buffy coat leukocytes were harvested from phle- 
batomy specimens of patients being treated for idiopathic hemochro- 
matosis and placed in liquid suspension at 10° cells/mL with RPMI, 
10% fetal calf serum, and 1% vol/vol phytohemagglutinin (Bur- 
roughs Wellcome. Research Triangle Park, NC) by the method of 
Aye et al.” Cell suspensions were incubated at 37 °C in a humidified 
5% carbon dioxide atmosphere for three to five days. Supernatants 
were harvested and stored at 4 °C until used. Batches were screened 
for stimulatory activity, and samples from two donors were used for 
all studies because of their potency. 

Assay for cytoplasmic retinoic acid-binding protein (CRABP}!©" 
Cryopreserved leukemic cells from five patients (75 to 200 x 10° 
cells per case) were rapidly thawed in a 37°C water bath and 
washed twice in PBS, sonicated in KET-O buffer (1 mmol/L 
EDTA/10 mmol/L Tris-HCl, pH 7.4), and centrifuged at 
159,000 x g for 45 minutes to obtain a supernatant (cytosol) 
fraction. The cytosols were first divided and diluted with KET-O or 6 
mmol/L pCMBS (Sigma, St. Louis, MO) in KET-O to a final 
pCMBS concentration of 2 mmol/L and incubated for 30 minutes at 
4°C to block pCMBS-sensitive ligand binding to CRABP. The 
diluted cytosols were then evaluated for CRABP content as follows. 
Cells from the 3T6 murine fibroblast line were used as a positive 
control. For qualitative identification of specific retinoic acid bind- 
ing to CRABP, 0.4 mL of diluted cytosol was incubated 22 to 26 
hours in the dark at 4 °C with 50 nmol/L 35.9 Ci nmol [PH] retinoic 
acid (Hoffman-LaRoche, Nutley, NJ) alone or in the presence of a 
200-foid excess of 0.01 mmol/L nonradioactive retinoic acid alone or 
in the presence of a 200-fold excess nonradioactive retinoic acid 
alone. Incubates were then analyzed by centrifugation on 4.6 mL 5% 
to 20% sucrose gradients at 234,000 x g for 22 hours. Radioactivity 
in five-drop fractions taken from the top of the gradients was 
counted in 5 mL of ACS scintillation cocktail (Amersham Corp, 
Arlington Heights, IL) at an efficiency of 26%. Sedimentation 
markers used were lactoglobulin (2.0 S), ovalbumin (3.7 S). and 
bovine serum albumin (4.4 S). For quantitative analysis, 100 uL 
aliquots of diluted cytosol or pCMBS-treated cytosol was then 
incubated for 24 hours at 4 °C with 0 to 100 nM [H] retinoic acid, 
with the former set of incubations yielding total binding and the 
latter giving a measure of nonspecific binding. All points were run in 
duplicate and bound, and free retinoic acid was separated by adding 
I mL of 2.5% dextran T-70-coated charcoal in gelatin / phosphate 
buffer (0.15 mol/L NaCl/0.015 mol/L NaN,/0.1 mol/L 
Na, HPO,/0.039 mol/L NaH,PO,, pH 7.03/0.1% gelatin). After 15 
minutes, the charcoal suspension was centrifuged at 4,000 x g for 10 
minutes and radioactivity in the supernatant was counted in 10 mL 
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of ACS cocktail (26% efficiency). In all cases cytosolic protein was 
determined by the method of Lowry et al.” 

Studies of differentiation. Cytospin preparations were made 
from samples of leukemic blasts grown in liquid suspension (1! 
samples) or from leukemic colonies plucked from semisolid medium 
(three samples) with and without cis-retincic acid [0°° mol/L. 
Slides were stained with Wright-Giemsa stain (Camco Quik Stain, 
Cambridge Chemical Products, Ft. Lauderdale, FL). Differentia! 
counts were performed on 100 to 200 cells per slide. Cells were 
categorized by standard morphologic criteria either as primitive 
(blasts, promyelocytes, promonocytes) or as mature (myelocyte 
stage and beyond). 

Nitro blue tetrazolium (NBT) reduction test was performed using 
standard methodology with phorbol myristate acetate (Sigma, St. 
Louis, MO) and Ficoll.” After counterstaining with nuclear fast red, 
differential counts were performed on 100 to 200 cells per slide, Cells 
containing fine blue-black granules were scored as positive. and the 
percentage of positive cells was determined. A positive control using 
peripheral blood leukocytes from a normal donor was prepared with 
each batch of Jeukemic samples studied. 


RESULTS 


Blast colony assays. Clonal assays were attempted from 
35 samples of leukemic blasts from patients with ANLL. 
Five samples showed no growth. Clonal efficiency varied 
widely with colony counts ranging from 0 to 1,920 per 
100,000 plated cells. The median number of colonies was 89 
(mean, 486). Unstained blast colonies had a characteristic 
morphology, forming very tight and usually spherical aggre- 
gates at the agar/methylcellulose interface. The average 
number of cells per aggregate was 10 to 20, although in some 
colonies the numbers exceeded 100. Wright staining of 
cytocentrifuge preparations or of air-dried colonies revealed 
aggregates of primitive cells with large nuclei with fine 
nuclear chromatin, prominent nucleoli, occasional cytoplas- 
mic granules, and vacuoles without evidence of terminal 
differentiation. The cells within the colonies did not form 
rosettes with sheep erythrocytes. 

Effects of retinoic acid on clonal growth. In three cases 
cisRA had no significant effect on clonal growth at concen- 
trations of 10°’ to 10°° mol/L. In 17 cases significant 
inhibition of colony growth was observed with cisRA at levels 
levels (Table 2A). Inhibition ranged from 22% to 100% of 
the appropriate ethanol-containing controls with a median 
decrease of 69%. Inhibition increased with dose in eight of 
ten samples tested at multiple levels. 

In ten cases we observed striking stimulation of colony 
growth ranging from 83% to 1500% of controls with a 
median increase of 176% (Table 2B). The control colony 
growth (medium of 129 and mean of 450 colonies per 
100,000 plated cells) of these ten cases was not significantly 
different from the group as a whole. In seven cases the 
stimulation of growth increased with dose of cisRA. Figure | 
demonstrates a representative dose-response curve for a 
patient with enhanced colony growth. Ethanol had no effect 
on clonal growth except for the highest dose tested, whereas 
cisRA was strikingly stimulatory at levels of 10°’ — 10-5 
mol/L. When T lymphocytes were removed before culture 
(lines with open circles), the effects of cisRA were essentially 
unchanged. 


304 


Table 2A. Effects of Cis-Retinoic Acid on Loeukemic Colony 
Growth in Samples With Inhibitory Responses 


Patient CisRA 107° Percent CisRA10~’ Percent 
Number mol/L* Differencet mol/L* Differencet 
1 950/1428 — 39% ND — 

2 21/89 — 76 46/109 — 58% 
3 32/565 — 94 276/469 —41 
4 ND ~— 0/1029 — 100 
5 457/1053 — 57 204/857 — 76 
6 ND ~ 7/17 — 59 
7 122/519 -— 76 ND — 
8 13/16.5 —21 ND = 
9 2844/4306 — 34 2804/4652 — 40 
10 0/91 ~- 100 117/85 +38t 
11 22/44 — 50 ND — 
12 70/153 — 54 97/153 — 37 
13 32/120 — 73 68/120 — 43 
14 9/29 — 69 12/29 — 59 
15 137/238 -42 220/205 +7ł 
16 ND — 0/5 — 100 
17 47/240 ~- 80 64/240 —73 
Median percent decrease — 63% —58% 


*Numerator represents mean number of colonies/100,000 cells 
plated in presence of cis-retinoic acid (CisRA). Denominator represents 
mean colony numbers in control dishes. All colony counts represent 
means of three to four replicates. 

+Percentage difference was calculated by subtracting control colony 
growth from CisRA-treated colony growth and dividing by control colony 
growth. 

tNot significant by Student's t test (P > 0.05). All other differences 
have P < 0.05. ND, not done. 


We studied the effects of T cell depletion in three addi- 
tional cases, two with inhibitory responses and one with a 
stimulatory response, and found that the removal of T cells 
did not change the type of response in any case (data not 
shown). Two samples, one from a patient with an inhibitory 
response and one with a stimulatory response, were used to 
study the effects of monocyte depletion. In the former case, 
cisRA decreased colony growth from 38 to 20 colonies per 
100,000 plated cells in the unfractionated portion and from 


Table 2B. Effects of Cis-Retinoic Acid on Leukemic Colony 
Growth in Samples With Stimulating Response 





Patient CisRA 107° Percent CisRA 10°’ Percent 

Number mol/L * Differencet mol/L* Differencet 
18 171/62 +176% 208/89 + 134% 
19 97/7 +1286 43/17 +153 
20 ND — 768/420 +83 
21 1822/1572 + 16¢ 2421/1382 +84 
22 6860/1556 +341 6676/1669 +300 
23 133/59 +125 127/55 +131 
24 330/170 +94 150/170 -- 12¢ 
25 64/4 +1500 52/4 +1200 
26 2432/456 +433 2291/680 +237 
27 152/90 + 1590 160/11 +1354 

Median percent increase +341% +144% 


*See legend for Table 2A. 

+See legend for Table 2A. 

tNot statistically significant by Student's t test (P > 0.05). ND, not 
done. 
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NUMBER OF COLONIES/100,000 CELLS PLATED 


MOLAR CONCENTRATION OF CIS-RETINOIC ACID 


Fig 1. Effect of drug dose and T ceil depletion on blast colony 
growth of cells from patient 19 with a stimulatory response. 
Results are expressed as absolute numbers of colonies per 
100,000 plated cells. Light density calls grown in retinoic acid 
{@—@), light density cells grown in appropriate ethanol control 
media (@---@), T cell depleted cells grown in retinoic acid (O-—O}, 
T cell depleted cells grown in appropriate ethanol control media 
{O---O}. 


40 to 25 colonies/100,000 plated cells in the monocyte- 
depleted portion. In the latter case cisRA increased colony 
growth from four to 19 colonies / 100.000 cells in the unfrac- 
tionated portion and from four to 27 colonies/100,000 cells 
in the monocyte-depleted portion. Thus, monocyte depletion 
by an adherence procedure did not alter baseline blast colony 
growth nor the effect of cisRA. 

Of the 17 patients with inhibitory responses to cisRA, only 
four had acute myelomonocytic leukemia (FAB-M4). Of the 
ten patients with a stimulatory response, seven had mono- 
cytic features. It appeared that cases with monocytic fea- 
tures more frequently displayed stimulatory responses than 
did other subtypes of leukemia (P < .05). Among the 12 
samples from patients with a previous preleukemic condition, 
six were inhibited and five were stimulated by cisRA, and 
one sample showed no growth. Retinoid acid was inhibitory 
to colony growth in one case of acute promyelocytic leukemia 
and had no significant effect in the others. 

CRABP assay. Cells from five patients, including two 
with stimulatory responses, two with inhibitory responses, 
and one with no growth (patient 18) were assayed for the 
presence of CRABP. Four of the five were evaluated qualita- 
tively by sucrose gradient technique and found to be nega- 
tive, ie, no specific 2S binding (Fig 2). All five were studied 
quantitatively by saturation analysis employing pCMBS and 
were found to have no measurable pCMBS-sensitive binding, 
indicating less than 0.5 pmol of CRABP per mg protein in all 
samples tested. By contrast, cytosol from 316 cells yielded 
specific 2S binding, which was inhibited by pCMBS and by 
an excess of unlabeled cisRA (Fig 2). The final protein 
concentrations in the incubation mixtures ranged from 0.3 to 
0.5 mg/mL with median of 0.44 mg/mL. 

Studies of differentiation. Liquid suspension cultures 
were prepared from leukemic cells from 18 patients. Cells 
were grown in alpha medium, 20% fetal calf serum, and 10% 
PHA-LCM with and without 10-° mol/L cisRA. After seven 
days incubated cells were harvested and cytospin prepara- 
tions were made. Among 17 samples (ten with inhibitory 
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Sucrose gradient analysis of binding of [ H]retinoic acid to cytosol of (A) 3T6 cells (B and C} patients 3 and § with inhibitory 


response, (D) patient 22 with a stimulatory response, and (E) patient 33, whose cells did not form colonies. Cytosols were incubated with 
50 nmol/L [H]retinoic acid alone (@), with 50 nmol/L [ H]retinoic acid plus a 200-fold excess of unlabeled retinoic acid {©}, or with 50 


nmol/L [*H]retinoic acid after treatment with pCMBS (4). 


responses and seven with stimulatory response in clonogenic 
assay) there was no difference in the percentages of primitive 
cells in retinoid-treated (median 90%, range 75% to 97%) 
and untreated samples (median 93.5%, range 78% to 100%). 
By contrast, the cells from one patient with APL showed 
striking granulocyte differentiation with cisRA (only 3% 
primitive cells as compared with 82% in control flasks). 

In three cases blast colonies were plucked from the meth- 
ylcellulose cultures and stained for morphologic evaluation. 
In two samples. one showing growth inhibition and one 
showing stimulation, cisRA treatment produced only primi- 
tive colonies composed entirely of blasts. In one case of APL, 
nine/11 colonies plucked from dishes containing cisRA were 
composed of mature cells while 12/12 colonies from 
untreated dishes were comprised of promyelocytes. 

NBT tests were performed on 16 samples of leukemic cells 
after seven days of culture in liquid suspension with and 
without 10°* mol/L cisRA. As can be seen in Table 3, 
retinoic acid did not significantly increase NBT positivity in 
any sample except the promyelocytic cell line HL60. Thus, 
with the exception of HL60 cells and cells from patients with 
APL, no patient’s cells showed morphologic or functional 
evidence of differentiation in response to cisRA. 

To exclude a nonspecific cytotoxic effect of retinoic acid 
on leukemic blasts, the numbers of viable leukemic cells after 
exposure to 10°° mol/L cisRA in liquid suspension were 
determined, Cell cultures were set up at an initial cell 
concentration of 2 x 10° cells/mL. After four and seven days 
of incubation, aliquots of cisRA-treated and untreated sam- 


Table 3. Effects of Retinoic Acid on NBT Testing 
of Leukemic Calls 


teal a A eee emma AAAA TAA AA creamer ere RTT ETE RTE EOE ee 





CisRA* 
Samples Control* 10°° mol/L 
Normal peripheral blood 95%-98% — 
HL~60 cells 5 71 
Samples with inhibited colony growth 
Patient No. 
3 g 4 
5 21 25 
6 1 4 
11 8 13 
14 $) 2 
17 16 24 
Samples with stimulated colony 
growth 
18 21 16 
20 7 6 
22 O 1 
25 51 57 
26 75 58 
27 48 48 
Sampies with no growth 
32 3 5 
34 32 31 
35 19 20 


ca hee ah ce eh ee 
*Percentage of NBT positive cells (100 to 200 cells scored/sampie). 
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ples were counted for numbers of viable cells with a hemocy- 
tometer and trypan blue exclusion. After four days of 
culture, there was no difference in cell numbers between 
retinoid-treated and untreated cells (3.2 + 1.4 x 10° cells/ 
mL v3.4 + 1.7 x 10° cells/mL, 17 samples). Similarly, after 
seven days cell numbers were virtually identical (4.8 + 2.6 x 
10° cells/mL with cisRA v 4.5 + 2.5 x 10° with control, ten 
samples). Clearly there was no evidence that cisRA was 
cytotoxic in short-term culture. Furthermore, changes tn cell 
numbers in liquid suspension had no correlation with reti- 
noid-induced changes in clonogenic growth. 


DISCUSSION 


The results of this study indicate that mononuclear cells 
from blood or marrow of patients with ANLL will form 
aggregates of blast-like cells in a majority of cases. The fact 
that the cells in these aggregates do not form E rosettes and 
that colony counts were not significantly altered by T 
lymphocyte depletion excludes the possibility that the colo- 
nies arise from T lymphocytes contaminating the specimens. 
The lack of morphologic or functional features of mature 
granulocytes or monocytes makes it highly unlikely that 
these colonies arise from residual normal myeloid progeni- 
tors (CFU-GM). Previous studies have failed to demonstrate 
in vitro growth of normal CFU-GM from leukemic mar- 
rows, 2 

The data demonstrate that cisRA significantly inhibits 
blast colony growth in most samples (17/30) of leukemic 
cells showing growth under basal conditions and that inhibi- 
tion occurs at levels of the drug that can be achieved 
pharmacologically in man.*'*? However, the stimulation of 
growth in ten samples suggests that in some cases the drug 
might have an adverse effect on patients, especially since the 
growth enhancement seen in our cases was much greater 
than the twofold increase reported for normal hematopoietic 
stem cells grown in the presence of cisRA.”* 

It is important to note that we observed no morphologic or 
functional evidence that cisRA induced differentiation in the 
leukemic samples we studied, whether growth was enhanced 
or inhibited, except for the two cases of acute promyelocytic 
leukemia. These observations are entirely consistent with 
those of Breitman et al’ who noted no evidence of maturation 
in human leukemic cells incubated with retinoids unless the 
cells had promyelocytic features. Our findings are perhaps 
more significant than Breitman’s in that our observations 
were made on leukemic cells grown in the presence of 
colony-stimulating factors while his cultures were unstimu- 
lated. 

The mechanisms of action of cisRA on leukemic growth 
are unclear. The effects appear not to be mediated by 
monocytes or T lymphocytes. It seemed important to exclude 
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a possible mediating role of auxiliary cells, since (a) mono- 
cytes and T cells elaborate cytokines, which stimulate the 
growth of normal and leukemic hematopoietic stem 
cells: (b) T cells may develop cytotoxicity for autolo- 
gous leukemic blasts’*’*; and (c) retinoids enhance the 
immune functions of T lymphocytes.’’”* It is still possible 
that the effects of cisRA on our freshly obtained leukemic 
cells are mediated by other auxiliary cells such as B lympho- 
cytes. 

CRABP, a 2S protein with high affinity and specificity for 
retinoic acid,” has been considered a likely candidate as a 
mediator of the effects of the vitamin, since CRABP has 
been detected in breast cancer cells, embryonal carcinoma 
cells, neuroblastoma cells, melanomas, retinoblastomas, and 
other tumor cell lines and has been associated with both the 
antiproliferative and differentiation-induction effects of reti- 
noic acid in those tumors. Although one group has 
reported the detection of CRABP in HL-60 cells,? other 
groups have not found CRABP in HL-60 or any other 
myeloid leukemic blasts; hence it seems unlikely that normal 
CRABP is a mediator of the effects of cisRA in these 
cells, t” 

Another potential fruitful area of investigation is the study 
of the effects of retinoids on oncogene expression in malig- 
nant cells. Other groups have reported marked decreases in 
c-myc and c-myb MRNA in HL-60 cells exposed to reti- 
noids.“47> Our own preliminary studies suggest that the 
effects of retinoids on oncogene expression in freshly 
obtained leukemic cells are complex.** Since oncogenes may 
play a role in cell proliferation and on the expression of the 
malignant phenotype, altering oncogenic expression in leu- 
kemic cells may inhibit cell growth and/or promote differen- 
tiation. 

In our experience, in vitro responses to certain pharmaco- 
logic agents, including glucocorticosteroids, are predictive of 
in vivo responses to the same agents.*”’* Clinical trials of 
cisRA in leukemia, preleukemia, and smoldering leukemia 
have already been undertaken.*’*’ Based on the observa- 
tions, we fear that in some patients acceleration of the 
leukemic process may occur. We believe that therapeutic 
trials must include prospective in vitro testing of the effects 
of retinoids on leukemic cell growth to determine if growth 
patterns are predictive of clinical responses and, further, that 
if adverse in vitro responses correlate with adverse clinical 
responses, retinoid therapy should be ruled out in patients 
whose leukemic cells proliferate in response to the agent in 
vitro, 
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Proliferative and Differentiative Responses of B Cells From Human Marrow 
Graft Recipients to T Cell-Derived Factors 


By Kosei Matsue, Lawrence G. Lum, Robert P. Witherspoon, and Rainer Storb 


Upon activation, B cells express growth and differentiation 
receptors that permit them to proliferate and differentiate. 
The aim of this study is to define the nature of the intrinsic 
B cell defects found in marrow recipients using assays for B 
cell activation, proliferation, and differentiation. B cells 
from five short-term (< three months postgrafting) and 15 
long-term (> one year postgrafting) marrow recipients (ten 
with and five without chronic graft-v -host disease 
[GVHD}) were studied. T cell supernatants (T-sup) were 
prepared by stimulating normal T cells with 12-0-tetra- 
decanoy!-phorbol-13-acetate (TPA) and phytohemagglu- 
tinin. Highly purified B cells were used to assess B cell 
proliferation responses to T-sup after Staphylococcus aur- 
eus Cowan | (SAC) activation and for B cell immunoglobulin 
production responses to T-sup stimulation after SAC acti- 
vation. B cellis from ail five short-term patients and one 
long-term patient with chronic GVHD did not respond to 


ECENTLY it has been shown that B cell growth and 
differentiation is regulated by various lymphokines 
such as interleukin 1 (IL 1), interleukin 2 (IL 2), B cell 
growth factor (BCGF), B cell differentiation factor (BCDF), 
and the interferons.’* Resting B cells can be activated by 
cross-linking of their immunoglobulin (1g) molecules with 
multivalent ligands such as antigen, anti-Ig antibody, or 
protein A from Staphylococcus aureus. Upon activation, B 
cells express the receptors for BCGF and/or BCDF and, in 
the presence of T cell-derived factors containing BCGF and 
BCDF, go on to proliferate and terminally differentiate into 
Ig-secreting cells.” 

Marrow transplantation is being used for the treatment of 
hematologic malignancies, severe aplastic anemia, and some 
inborn errors with increasing success. 7 However, marked 
immunodeficiencies associated with life-threatening oppor- 
tunistic infections develop and may persist up to one to two 
years after grafting.'®'’ Although numbers of T and B cells 
in the peripheral blood usually recover within one to three 
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any stimulation. B cells from two patients with chronic 
GVHD responded to SAC but had decreased proliferative 
and differentiative responses to T-sup. B cells from three 
of seven patients with chronic GVHD and two of five 
long-term healthy patients could proliferate but could not 
secrete immunoglobulin in response to SAC pius T-sup 
stimulation. Furthermore, there was a significant correla- 
tion between serum IgG and/or IgM in marrow recipients 
and the differentiative responses of their B ceils to T-sup 
(P = 0.0075, Fisher's Exact). B cell defects occur at various 
stages of maturation postgrafting. These defects include 
the failure to respond to the SAC activation signal, the 
failure to proliferate in response te T-sup, and the failure to 
differentiate in response to T-sup. These findings are 
probably due to the inability of B cells from certain marrow 
recipients to undergo a second round of ontogeny. 

® 1987 by Grune & Stratton, Inc. 


months postgrafting, T and B cell collaboration is ineffec- 
tive.'*6 In vitro studies of marrow recipients using Ig 
biosynthesis stimulated with polyclonal activators revealed 
that there is functional heterogeneity within T cell sub- 
sets,?* normal monocyte function, ® and intrinsic B cell 
defects in Ig production.” ™ A recent study using an antigen- 
specific antibody production system showed that decreased 
antigen-specific B cell precursor frequency is one explana- 
tion for deficient antibody production in a minority of 
marrow recipients.” However, such data suggested that the 
majority of B cell defects were due to problems other than 
low antigen-specific B cell precursor frequency. These find- 
ings provided the rationale for studying B cells using a 
different approach. 

Since nearly half of marrow recipients have B cells that 
failed to produce immunoglobulin, we chose assays for B cell 
proliferation and differentiation after S aureus Cowan | 
(SAC) activation that would identify the stages at which 
such defects occur. This investigation shows that B cells from 
marrow recipients have defects in SAC activation, defects in 
response to proliferative signals, and defects in response to 
differentiative signals. 


METHODS 


Patients. Twenty patients were studied between 63 and 1,736 
days postgrafting. Five patients were studied at less than three 
months postgrafting (short-term), and 15 patients were studied more 
than one year postgrafting (long-term). Their unique patient num- 
ber (UPN), age, sex, days of study after transplant, diagnosis, 
treatment at the time of testing, and serum Ig levels are presented in 
Table 1. These patients were conditioned for their marrow trans- 
plant as described." Nineteen patients received HLA-identical 
allogeneic marrow from their siblings. One patient (UPN 2590) 
received a syngeneic marrow greft. Posttransplant immunosuppres- 
sion to prevent graft-v-host disease (GVHD) has been described.” 
The patient who received the syngeneic marrow graft did not receive 
postgrafting immunosuppression. Marrow engraftment was deter- 
mined by red blood cell enzyme and antigen typing and by cyto- 
genetic studies. All of these studies were done when the patients were 
clinically stable. Control subjects were healthy individuals or mar- 
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Table 1. Patient Characteristics and Treatments 


Serum Ig (mg/di) 

UPN Age/Sex Days post-Tx Diagnosis Treatment igG IgM IgA 

Short-term recipients 
2879 37/F 84 CML cs 1126 71 181 
2909 17/F 69 ANL cs 1114 119 103 
2910 40/M 82 CML cS 680 177 79 
2948 18/F 69 AA cS 725 42 58 
2936 33/F 63 ANL CS 854 72 5B 

Long-term recipients with chronic GVHD 
2461 23/F 399 ANL P 577 53 80 
2533 28/M 347 ANL None 904 275 52 
2416 35/F 461 AA P 476 77 20 
2474 30/M 385 ALL None 1386 113 108 
1690 43/F 1183 ANL None 1761 77 208 
2534 31/M 368 Ł P _623 135 20 
1531 30/M 1391 ALL pP _555 53 36 
2569 15/M 341 ANL P 1156 257 332 
2503 34/M 417 CML None 1507 253 176 
2317 24/F 584 ANL p _397 96 20 

Long-term recipients without chronic GVHD 
2590 15/F 319 AA None 1185 57 55 
2504 12/F 378 ALL None 1255 109 90 
2525 26/F 341 AA None 1576 101 68 
1311 21/M 1736 L. None 1175 152 115 
2599 37/F 347 CML None 665 190 82 


Normal ranges of serum Ig (mg/dL): IgG 670 to 1700; IgM 56 to 275; 
IgA 70 to 350. Underlined Ig values are below the normal ranges. 

Abbreviations: UPN, unique patient number: CML, chronic 
myelogenous leukemia; CS, cyclosporine; ANL, acute nonlymphocytic 
leukemia; AA, aplastic anemia; ALL, acute lymphocytic leukemia: L, 
lymphoma; P, predn:sone. 


row donors. These studies were performed after informed consent 
was obtained under protocols approved by the Human Subjects 
Review Committees of the University of Washington and the Fred 
Hutchinson Cancer Research Center. 

Cell separation. Peripheral blood lymphocytes (PBL) were 
obtained from 40 to 70 mL of whole heparinized blood by Ficoll- 
Hypaque (Pharmacia, Piscataway, NJ) density gradient centrifuga- 
tion. Monocytes were removed from PBL by incubation for 30 
minutes at room temperature with 5 mmol/L l-leucine methyl ester 
(Sigma, St. Louis) in serum-free Mishell Dutton balanced salt 
solution.” ® Monocyte-depleted PBL were then separated into T and 
non-T cel] populations by rosetting with 2-aminoethylisothiuronium 
bromide (AET)-treated sheep erthyrocytes.*' The non-T population 
was rosetted a second time with AET-treated sheep erythrocytes. 
The nonrosetting cells were further depleted of T cells by monoclonal 
antibody 35.1 (E rosette receptor antibody) and rabbit complement 
{Pel Freez, Roger, AR) to remove residual T cells. B cells obtained 
in this manner contained more than 72% B cells, less than 1% T cells, 
and less than 16% (mean = 5.0%) monocytes as determined by 
indirect immunofluorescence using monoclonal antibodies 299 (pan 
B), 35.1 (pan T), and 60.1 (antimonocyte), and fluorescein isocya- 
nate-conjugated goat antimouse Ig (TAGO, Burlingame, CA). The 
monoclonal antibodies were gifts from Drs John Pesando and John 
Hansen at the Fred Hutchinson Cancer Research Center. These B 
cell-enriched fractions were designated B cells. The E rosetting cells 
(T cells) contained more than 95% E rosette-positive cells. 

Generation of T cell supernatants containing BCGF and BCDF 
activity. Normal T cells at a concentration of 4 x 10° cells/mL in 
RPMI 1640 medium supplemented with 10% FCS were incubated 
with 5 ng/mL of 12-0-tetradecanoy!-phorbol-13-acetate (TPA, Sig- 
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ma, St. Louis) for two hours at 37 °C in 24 well plates (Catalog 
#1-43982, Nunc, Denmark). The T cells were then washed, resus- 
pended in RPMI 1640 medium supplemented with 10% FCS, 1% 
penicillin-streptomycin, 4 mmol/L L-glutamine, and 5 x 10°° 
mol/L 2-mercaptoethanol, and cultured for three days in the pres- 
ence of phytohemagglutinin (1:640 dilution of stock, PHA, Difco) at 
a cell concentration of 2 x 10°/mL. The cell-free supernatants 
prepared in this manner were pooled from five individuals and stored 
at 4°C until use. The T cell supernatant pool (T-sup) was screened 
for Ig by enzyme-linked immunosorbent assay (ELISA) and found 
to be <20 ng/mL. The T-sup contained 158 U/mL of IL 2 activity 
defined by titration on a CTLL murine cell line in comparison to 
recombinant IL 2. 

Assay for B cell proliferation response. The ability of purified B 
cells to respond to BCGF contained in T-sup was assessed by using 
SAC (Pansorbin 10% vol/vol; Calbiochem-Behring Corp, San Die- 
go, CA) stimulation following a modification of the procedure 
described by Muraguchi and Fauci.” In brief, | x 10° B cells from 
normal subjects or marrow recipients were cultured in 0.2 mL. of 
culture medium in the presence of 0.005% vol/vol SAC for three 
days in round-bottom microtiter plates (NUNC, Denmark). Then 
the culture media were replaced with fresh media containing various 
percentages of T-sup for three days. The cells were pulsed with | pCi 
(H]-thymidine (New England Nuclear, Boston) for the last four 
hours. Incorporation of [°H]-thymidine was measured by standard 
liquid scintillation-counting techniques after harvesting the cells 
with a Titertek cell harvester (Flow Laboratories, Rockville, MD). B 
cell proliferative responses were assessed by comparing them with 
that of nine normal controls. In an arbitrary decision based on a 
relationship to the clinical status of the patients and a natural 
distribution of patient results above and below 30% of the median 
value, proliferative responses less than 30% of the median value of 
proliferative responses of normal B cells were considered defective. 

Assay for B cell differentiation response. One hundred thou- 
sand B cells from normal subjects or marrow recipients were 
cultured in round-bottom microtiter plates in the presence or 
absence of SAC (0.005% vol/vol) and/or various dilutions of T-sup 
as indicated for ten days. B cell differentiative responses to T-sup 
were assessed by measuring culture supernatants for lg. Superna- 
tants from triplicate cultures were pooled, and the concentration of 
accumulated Ig in the culture supernatants was determined by 
ELISA assays specific for human IgG, IgM, and IgA.” 

Immunoglobulin production by B cells from patients was com- 
pared with that of 9 normal controls. In an arbitrary decision based 
on a relationship to the clinical status of the patients and a natura! 
distribution of patient results above and below 20% of the median 
value, immunoglobulin production responses less than 20% of the 
median value of immunoglobulin produced by norma! B cells were 
considered defective. 


RESULTS 


Proliferative responses of normal B cells to T-sup. Ex- 
periments were initially undertaken to determine the BCGF 
and BCDF activities present in the T-sups. The representa- 
tive experiment in Fig 1 shows that SAC-stimulated B cells 
from a single individual gave a maximal response on day 3 
that fell to essentially background by day 6. When T-sup 
were added to such cultures on day 3, the SAC-activated 
proliferative responses of B cells were sustained through day 
8. These data show that T-sup supports B cell proliferative 
responses. Figure 2 shows B cell proliferative responses as a 
function of the reciprocal dilution of T-sup. Similar results 
were obtained when B cells from marrow recipients were 
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Fig 1. Kinetics of the proliferative response of B cells to SAC, 
T-sup, and SAC plus T-sup in a normai subject. One hundred 
thousand purified B celis were cultured with SAC (0.005 % 
vol/vol), T-sup (25%), or SAC plus T-sup for the indicated periods 
of time. SAC was added on day 0 and T-sup was added on day 3. 
The cultures were pulsed with [PH}-thymidine four hours before 
harvest. The data points represent the mean + 1.0 SD for 
triplicate cultures. 


examined. From these data we chose a 1:4 dilution of T-sup 
for use in the B cell proliferation assay. 

To exclude T cell contamination or proliferation during 
the culture, we examined the PHA-induced proliferative 
responses of B cells and the percentages of E rosette-positive 
cells at the end of cultures. The median proliferative 
responses of B cells to PHA stimulation from various study 
groups expressed as stimulation indices are 1.4 (range 0.3 to 
2.4) in the normal control group; 0.8 (range 0.3 to 1.4) in 
short-term marrow recipients; 1.2 (range 0.4 to 1.8) in 
long-term recipients with chronic GVHD; and 1.2 (range 0.4 
to 1.8) in long-term recipients without chronic GVHD. Only 
a small proportion of E rosette positive cells (0% to 2.0%) 
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Fig 2. The relationship between the magnitude of B cell 
proliferation as a function of T-sup concentration in a normal 
subject. @ = 100,000 B cells were cultured with SAC (0.005% 
vol/vol) for three days and an additional three days with serial 
dilutions of T-sup. O = 100,000 B celis were cultured with media 
for three days and an additional three days with serial dilutions of 
T-sup. The cultures were pulsed with [°H]-thymidine four hours 
before harvest. The data points represent mean + 1.0 SD of 
triplicate cultures. 
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Fig 3. Effects of SAC, T-sup, and SAC plus T-sup on ig 
production using purified B cells from seven normal subjects. One 
hundred thousand B cells were cultured with medium, SAC (0.005 
% vol/vol), T-sup {0.03125 %). or SAC plus T-sup for ten days. 
Supernatants from triplicate cultures were pooled, and total ig 
{igG + IgM + IgA) produced was quantitated by ELISA. The 
median values of each group are indicated with {«~). 


were present at the end of such cultures. Therefore, the 
proliferating cells were B cells and not contaminating T 
cells. 

Differentiative responses of normal B cells to T-sup. B 
cell differentiation (Ig production) was assessed by SAC, 
T-sup, or SAC plus T-sup stimulation. The effects of T-sup 
on the differentiation of normal B cells were examined by 
quantitating Ig production in culture supernatants stimu- 
lated with SAC or T-sup alone or SAC plus T-sup. Figure 3 
summarizes the results of seven separate experiments. Stim- 
ulation ef B cells by SAC or T-sup alone occasionally 
induced detectable amounts of Ig in the culture superna- 
tants. However, co-stimulation with SAC and T-sup consis- 
tently induced larger amounts of Ig than stimulation with 
SAC or T-sup alone. These results are similar to those 
reported in earlier studies.“ 

In contrast to the B cell proliferation assay, the optimal 
concentrations of T-sup for Ig biosynthesis were much lower. 
Maximal Ig biosynthesis of IgG, IgM, or IgA occurred at a 
concentration of 3.125% (1:32). Higher or lower concentra- 
tions of T-sup in the cultures did not support Ig synthesis as 
well as the 1:32 dilution of T-sup (Fig 4). Similar results 
were obtained when recipient’s B cells were examined. 
Therefore, a final concentration of 3.125% of T-sup was used 
for all subsequent B cell differentiation assays. 

B cell proliferative responses to SAC in normals and 
marrow recipients. SAC-stimulated B cell proliferation 
responses are shown in Fig 5 for marrow recipients and 
control subjects. Purified B cells were stimulated with SAC 
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Fig 4. immunoglobulin production by B ceils from a normal 
subject as a function of the concentration of T-sup. One hundred 
thousand B cells were cultured with SAC {0.005 % vol/vol) and 
serial dilutions of T-sup for ten days. Supernatants from triplicate 
cultures were pooled and class-specific ig production was quanti- 
tated by ELISA. 
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Fig5. B ceil proliferative responses to SAC in normal subjects 
and three groups of marrow recipients. N (@) represents the 
normal subjects, P1 {O} represents the short-term recipients, P2 
{A) represents the long-term recipients with chronic GVHD, and 
P3 (1) represents the healthy long-term recipients. One hundred 
thousand B cells were cultured with SAC (0.005%) for three days 
and were pulsed with [PH] -thymidine for four hours before harvest. 
Each point represents the mean value of triplicate cultures. Mean 
values for each group were indicated with (+--) and vertical bars 
represent one SD above and below the means. 
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for three days, and their proliferative responses were mea- 
sured by [°H]-thymidine incorporation. Figure 5 shows that 
B cell proliferative responses to SAC are impaired in short- 
term recipients but not in long-term recipients with or 
without chronic GVHD. 

B cell proliferative responses to T-sup after SAC activa- 
tion in normals and marrow recipients. The proliferative 
responses of SAC-stimulated B cells from nine normal 
control subjects and from 20 marrow recipients were exam- 
ined (Table 2). The T-sup (obtained from norma! subjects) 
consistently maintained the proliferative responses of normal 
B cells after SAC activation, whereas SAC prestimulated B 
cells from all short-term recipients failed to proliferate in 
response to T-sup. One (UPN 2534) of ten long-term recip- 
ients with chronic GVHD had B cells that could not respond 
to any stimulation. Two patients (UPN 2416 and 1531} had 
B cells that responded to SAC normally but failed to 
maintain proliferative responses to T-sup after SAC stimula- 
tion. Seven of ten long-term recipients with chronic GVHD 
and all five healthy long-term recipients had B cells capable 
of responding to T-sup after stimulation with SAC. 

B cell differentiative responses to T-sup in normals and 
patients. Recipient’s B cells showed variable responses to 
SAC and T-sup co-stimulation, whereas normal B cells 
consistently resulted in increased Ig production in response to 
SAC and T-sup co-stimulation (median 14.6 g/mL, range: 
7.1 to 42.8 wg/mL) as shown in Fig 6. B cells from marrow 
recipients did not produce Ig spontaneously or respond to 
either SAC or T-sup alone (data were not shown). IgG and 
IgM were the predominant immunoglobulin classes pro- 
duced, while lesser amounts of IgA were produced by B cells 
from normal subjects and marrow recipients. 

Control B cells from normal subjects stimulated with SAC 
and T-sup together produced large amounts of immunoglo- 
bulins. In contrast, B cells from short-term recipients pro- 
duced small amounts of immunoglobulin in response to 
co-stimulation with SAC and T-sup. Six of ten long-term 
recipients with chronic GVHD had B cells with poor Ig 
production responses to co-stimulation with SAC and T-sup. 
Three of these recipients had B cells that could not prolifer- 
ate after either SAC or SAC plus T-sup co-stimulation, and 
the other three recipients had B cells that could proliferate 
but could not differentiate in response to SAC plus T-sup 
co-stimulation. B cells from the other four long-term recip- 
ients with chronic GVHD showed normal differentiative 
responses. Two of five healthy long-term recipients had B 
cells that failed to produce Ig in the range defined by normal 
B cells, although their B cells were able to proliferate after 
SAC and T-sup co-stimulation. B cells from the other three 
recipients without chronic GVHD showed normal! differen- 
tiation responses. 

Types of distribution of abnormalities. Table 3 summa- 
rizes the types and the distribution of various B cell abnor- 
malities observed after marrow grafting. B ceils from all 
three groups of patients showed B cell defects at one or more 
steps in the maturational scheme. These abnormalities 
include defective responses to SAC activation and failure to 
proliferate and/or differentiate in response to T-sup. There 
was no correlation between the magnitude of proliferative 
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Table 2. B Cell Proliferative Responses in Marrow Recipients 





(°H]-Thymidine incorporation {cpm x 10°) 





None* SAC (day 3)" SAC (day 6)+ T-supt SAC + T-sup§ 
Normals (N = 9) 
Mean 0.75 6.20 1.05 3.94 7.68 
Median 0.81 6.10 1.01 4.25 7.42 
Range 0.36-1.18 2.22 -13.77 0.33-1.90 1.62-5.60 3.17-10.83 
Short-term recipients 
UPN 2829 1.25 1.21 0.75 1.56 1.47 
UPN 2909 0,29 0.86 0.28 4.72 1.92 
UPN 2910 0.32 0.40 0.54 1.56 .B7 
UPN 2948 0.51 0.62 0.54 1.67 1.73 
UPN 2936 0.29 0.75 0.52 1.26 69 
Median 0.32 0.75 0.52 1.56 1.47 
Long-term recipients with chronic GVHD 
UPN 2461 0.14 9.04 0.37 5.83 8.70 
UPN 2533 0.88 5.88 0.55 4.71 9.79 
UPN 2416 0.41 4.56 0.27 1.25 1.06 
UPN 2474 0.22 3.50 0.27 1.92 6.15 
UPN 1690 0.27 2.20 0.27 1.69 4,38 
UPN 2534 0.06 54 0.16 91 0.51 
UPN 1531 0.25 4.54 0.10 1.04 0,74 
UPN 2569 0.66 2.01 0.91 1.28 4.02 
UPN 2503 0.34 8.41 0.72 0.99 6.12 
UPN 2317 0.31 2.04 0.46 0.25 2.69 
Median 0.29 4.02 0.32 1.27 4,20 
Long-term recipients without chronic GVHD 
UPN 25390 0.28 2.33 0.29 3.76 6.43 
UPN 2504 0.36 2.74 0.94 4.63 12.01 
UPN 2525 0.19 4.45 0.38 1.28 3.33 
UPN 1311 1.24 8.95 1.44 3.42 7.83 
UPN 2599 0.34 10.23 0.89 1.10 26.36 
Median 0.34 4.45 0.89 3.42 7.83 





Purified B cells (1.0 x 10) were cultured in combinations indicated. 
*Cultures harvested after three days. 

+Cultures harvested after six cays. 

¢Cultures stimulated with T-sup alone for three days. 


§Cultures activated with SAC for three days and then T-sup added for the last three days (total of six days of culture). 


responses and the amount of Ig produced. However, immu- 
noglobulin production was not observed in the absence of 
proliferative B cell responses. These abnormalities were 
found less frequently in B cells from long-term healthy 
recipients. 

Correlation of serum immunoglobulin levels and B cell 
differentiation ability. Serum immunoglobulin levels in 
long-term marrow recipients were compared with in vitro 
immunoglobulin biosynthesis responses of B cells after SAC 
and T-sup stimulation. In vitro B cell differentiation 
responses to co-stimulation with SAC and T-sup were signifi- 
cantly correlated with the presence or absence of low serum 
IgG or IgM levels but not IgA levels (Fisher’s exact test P = 
0.0075). 


DISCUSSION 


This study demonstrates that B cell defects occur at 
various levels of differentiation in marrow transplant recip- 
ients. These defects include impaired proliferative responses 


to SAC antigen and the inability to proliferate and/or 
differentiate in response to T-sup containing BCGF and 
BCDF activities. Such B cell defects in marrow recipients 
have not been reported in the literature. 

Previous studies in our laboratory revealed intrinsic B cell 
defects in marrow graft recipients using polyclonal activa- 
tors?!**. however, the intrinsic defects of B cells have not 
been further defined. The proliferation and differentiation of 
B cells in response to pokeweed mitogen and other polyclonal 
activators is totally or partially dependent on the accessory 
cell function of monocytes and the presence of helper T 
cells.” For these reasons it has been difficult to identify the 
specific stage(s) of B cell defects in the maturation pro- 
cesses. 

T cell-dependent signals for B cell proliferation and differ- 
entiation can be completely replaced by soluble factors such 
as BCGF and BCDF, thereby permitting the dissection of B 
cell maturation processes in the absence of accessory cells. 
Since the BCGF, BCDF, PHA, and IL 2 in crude T cell 
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Fig6. B cell differentiation 
responses to T-sup after SAC 
activation in normal subjects 
and three groups of marrow 
recipients. N (@) represents the 
normal subjects, P1 (O) repre- 
sents the short-term recip- 
ients, P2 (A) represents the 
long-term recipients with 
chronic GVHD, P3 (O) repre- 
sents the long-term recipients 
without chronic GVHD. Median 
values for each group are indi- 
cated with (—). One hundred 
thousand B cells were cultured 
with SAC (0.005 % vol/vol) and 
T-sup (3.125%) for ten days. 
Supernatants from triplicate 
cultures were pooled and Ig 
production was quantitated by 
ELISA. Experimental values be- 
low the dashed lines (<20% of 
normal median values for IgG, 
igM. igA and total ig} were con- 
sidered defective. 
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Immunoglobulin Production (pg/ml ) 


N Pi Pe P3 


Table 3. Summary of B Cell Responses to SAC and T-sup in 
Marrow Graft Recipients 


Response 
Patient Groups SAC Proliferation Differertiation 
Short-term recipients 
UPN 2879 ~ — — 
UPN 2909 —~ = ~ 
UPN 2910 — — _ 
UPN 2948 ~ _ = 
UPN 2936 ~e ~ -~ 
Defect/total (%) 5/5 (100) 5/5 (100) 5/5 (100) 
Long-term recipients with chronic GVHD 
UPN 2461 + + = 
UPN 2533 + + + 
UPN 2416 + ~ ~ 
UPN 2474 + + = 
UPN 1690 + + + 
UPN 2534 = = = 
UPN 1531 + se me 
UPN 2569 + + + 
UPN 2503 + + + 
UPN 2317 + + ~ 
Defect/total (%) 1/10 (10) 3/10 {30} 6/10 (60) 
Long-term recipients without chronic GVHD 
UPN 2590 + + + 
UPN 2504 + + + 
UPN 2525 + + ~- 
UPN 1311 + + + 
UPN 2599 + + vme 
Defect/total (%} 0/5 (0) 0/5 (0) 2/5 (40) 





+} 


7+” denotes a normal response and ”—" denotes a deficient 
response. Deficient response is defined by iess than 30% of median value 
of normal in proliferative response and less than 20% of median value of 
normal in total ig production. 
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Total Ig 





N Pi P2 P3 N Pi Pe P3 





supernatants may cause T cell proliferation, and monocytes 
in the non-T cell fractions may inhibit the B cell responses to 
T cell factors,” vigorous depletion of T cells and monocytes 
from B cell-enriched fractions was necessary. Our results 
show that B cell fractions had nearly background responses 
to PHA stimulation. However, we could not exclude the 
possibility that the soluble factor(s) such as IL 2 in the T-sup 
stimulated small numbers of contaminating T cells to prolif- 
erate or secrete other factor(s) that in turn may modulate B 
cell proliferation or differentiation. Howard et al” demon- 
strated that IL 2-stimulated T cells secrete BCGF. Recent 
studies demonstrated that activated B cells express IL 2 
receptors and can proliferate and differentiate in response to 
recombinant IL 2.*’ These data support the notion that IL 2 
is acting as a growth and differentiation factor for B cells. 
Since IL 2 was not absorbed from T-sup containing BCGF 
and BCDF activity and highly purified preparations of 
BCGF and/or BCDF were not available, our results likely 
represent B cell reactivity to BCGF, BCDF, and also to IL 2. 
The effect of recombinant IL 2 on the growth and differen- 
tiation of B cells from marrow recipients is under investiga- 
tion. 

B cells from all short-term recipients and one long-term 
recipient with chronic GVHD failed to show appreciable 
responses to any stimulation. The cause of this type of B cell 
defect is unknown, but it is possible that these B cells could 
not bind SAC or transmit the SAC activation signals. These 
B cells would presumably fail to express receptors necessary 
for proliferation and differentiation due to a defect in SAC 
activation. We hypothesize that the defect in SAC activation 
is the result of a maturational arrest that occurs early in B 
cell ontogeny. Ault et al described an unusual B cell 
observed shortly after transplant that expressed B markers 
(sig+ and Bl) and the CD5 antigen but no other T cell 
antigens. This B cell bearing the CDS antigen was also found 
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in fetal spleen and did not respond to pokeweed mitogen 
stimulation by producing Ig.” The lack of in vitro function 
and time of appearance after marrow grafting suggest that 
these CDS positive B cells may be associated with the 
unresponsiveness of recipient B cells to SAC activation 
observed after marrow grafting. 

In some long-term recipients, B cells were unable to 
proliferate and/or differentiate in response to T cell superna- 
tants even though they showed initial proliferative responses 
to SAC. Although the causes of such defects are unknown, it 
is reasonable to postulate that such B cell defects may be due 
to the failure to express receptors for proliferation and/or 
differentiation factors after SAC activation or due to post- 
receptor abnormalities within the B cells. Another possibility 
is that low-level monocyte contamination may account for 
deficient B cell proliferation and differentiation. In a previ- 
ous study” we found that some recipient monocytes could 
suppress Ig production from normal B cells in the pokeweed 
mitogen system. These results are consistent with our previ- 
ous studies in that B cells from nearly all short-term patients, 
one-half of the long-term recipients with chronic GVHD, 
and roughly one-third of the long-term recipients without 
chronic GVHD could not differentiate into Ig-secreting cells 
in the presence of normal helper T cells in the pokeweed 
mitogen-stimulated cultures.” 7 

Although the B cell defects delineated herein have not 
been previously described, similar findings were observed in 
patients with common variable immunodeficiency (CVI). 
Saiki et al“ reported that a group of CVI patients showed 
normal B cell proliferation to SAC but failed to differentiate 
in the presence of T cell factor. However, they did not 
evaluate B cell proliferation to T cell factor after SAC 
activation. Recently Perri and Weisdorf*' reported a case of 
a CVI patient with a defective response to BCGF. Such 
defects in B cells from marrow recipients and CVI patients 
may contribute to the impaired in vivo humoral antibody 
responses. 
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On the other hand, Saxon et al” reported three cases of 
chronic GVHD patients with hypergammaglobulinemia who 
had B cells that spontaneously synthesized Ig in vitro. They 
postulated that activation and terminal differentiation of B 
cells occurred during chronic GVHD. In a separate series of 
experiments we also observed a similar case of a marrow 
recipient with chronic GVHD who showed hypergammaglo- 
bulinemia and increased spontaneous IgG production in vitro 
(unpublished observation). 

In previous studies using the pokeweed mitogen and 
tetanus toxoid systems, we could not show any correlation 
between in vivo and in vitro antibody production. This study 
shows a significant correlation exists between in vivo serum 
ig levels and in vitro differentiation responses of B cells in 
long-term recipients. These findings suggest not only that the 
assay systems used in this study more accurately reflect in 
vivo B cell function than PWM or tetanus toxoid-stimulated 
systems but also that B cell differentiation defects are a 
major cause of defective antibody responses seen in vivo after 
marrow transplantation. 

Taken together our present results and other studies show 
that B cell deficiencies occur at various levels of differentia- 
tion following bone marrow transplantation. Further studies 
using monoclonal antibodies directed at the receptor(s) for 
BCGF and BCDF and the use of recombinant preparations 
of various B cell active lymphokines may provide important 
insights into these abnormalities. The results of such studies 
may eventually permit the use of recombinant forms of 
BCGF and/or BCDF for therapeutic intervention in marrow 
transplant recipients and immunodeficiency disorders. 
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Ektacytometric Measurement of Sickle Cell Deformability as a Continuous 
Function of Oxygen Tension 


By Martin P. Sorette, Marc G. Lavenant, and Margaret R. Clark 


in an effort to study the rheologic effects of small amounts 
of hemoglobin S (HbS) polymer in sickle red cells, we have 
used the ektacytometer, a laser diffraction couette viscom- 
eter, to measure sickle cell deformability as a function of 
oxygen tension. Sickle cell populations of defined intracel- 
lular hemoglobin concentration (MCHC) were isolated 
using Stractan density gradients and were resuspended in 
buffered polyvinyipyrrolidone solutions for deformability 
measurements. Using a gas-porous, hollow fiber gas 
exchange system to establish a linear gradient in oxygen 
tension, deformability was measured over a pO, range of 
76 to O mm Hg. Parallel spectroscopic determinations of 
oxygen saturation permitted determination of cell defor- 


TIS WIDELY ACCEPTED that the pathologic manifes- 
tations of sickle cell disease arise from abnormalities in 
blood rheology that ultimately derive from the formation of 
rigid hemoglobin S (HbS) polymer within the cells. Several 
different factors that influence blood rheology could poten- 
tially contribute to clinical problems: acute loss of deforma- 
bility in red cells that develop polymer at low oxygen 
that have been dehydrated, possibly as a result of previous 
polymerization episodes’; impaired capillary blood flow 
because of increased adherence of sickle red cells to the 
endothelial lining of the vessels”; as well as factors other than 
sickle red cells that modulate the function of the microvascu- 
lature. Recently nuclear magnetic resonance (NMR) stud- 
ies have provided evidence that sickle cells from the upper 
end of the distribution in mean cell hemoglobin concentra- 
tion (MCHC) maintain polymeric HbS even at relatively 
high levels of oxygen saturation.” On this basis it has been 
suggested that the continuous presence of polymer in circu- 
lating sickle cells may provide a dual hazard. First, pre- 
formed polymer would eliminate any delay in formation of 
more polymer in the event of a rapid transient reduction in 
oxygen tension; and second, the residual polymer might itself 
impair the deformability of the red cell, reducing its ability to 
circulate through the microvasculature. 

In an effort to evaluate the physiologic significance of this 
latter possibility, we have employed a means of measuring 
sickle cell deformability at low oxygen tension similar to 
those used by Johnson et al.'° Bessis et al,'' and Feo et al. By 





From the Department of Laboratory Medicine, Cancer Research 
Institute, University of California, San Francisco. 

Submitted May 5, 1986; accepted August 13, 1986. 

Supported by USPHS Grant No, HL 20895. 

Address reprint requests to Margaret R. Clark, PhD, Box 0128. 
Cancer Research Institute, University of California, San Francisco, 
CA 94143. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact. 

& 1987 by Grune & Stratton, Inc. 


316 


mability as a function of oxygen saturation for each 
discrete MCHC population. From these measurements the 
level of oxygen saturation at which a loss in cell deformabil- 
ity was first detected could be defined. Then, using the 
data of Noguchi and Schecter,” the amount of polymerized 
HbS in the cells at that defined level of oxygen saturation 
was estimated. The results of this analysis suggested that 
the quantity of polymer that caused a detectable loss in cell 
deformability increased with increasing MCHC. in addition, 
for MCHC above 30 g/dL, this represented a substantial 
fraction of the total HbS in the ceil. 

® 1987 by Grune & Stratton, Inc. 


measuring the loss of cell deformability as a continuous 
function of oxygen tension, we have sought to determine the 
effect of a relatively defined intracellular concentration of 
HbS polymer on red cell rheology. 


MATERIALS AND METHODS 


After obtaining informed consent, as approved by the Human and 
Environmental Protection Committee of the University of Califor- 
nia, San Francisco, blood samples were drawn inte acid-citrate- 
dextrose (ACD) or EDTA. Patients were identified as being homo- 
zygous for HbS on the basis of hemoglobin electrophoresis and 
family studies performed by the Northern California Comprehen- 
sive Sickle Cell Center. To measure red cell deformability we used 
the ektacytometer, a laser diffraction couette viscometer that has 
previously been described in detail.'* For the present experiments the 
instrument was coupled to a gas exchange system similar to that 
described by Schmuklar and Chien, which permitted the prepara- 
tion of cell suspensions at defined oxygen tension (Fig 1). The gas 
exchange system was a bundle of 200 um diameter gas-porous, 
hollow fibers (Celgard type X-10 MHF; Celanese Corp, Charlotte, 
NC), around which flowed a humidified mixture of nitrogen and 
oxygen at the desired oxygen tension. The fibers were sealed into an 
airtight plexiglass housing with gas-tight compression fittings at the 
entry and exit ports. The red cells, suspended in a solution of 4% 
(wt/vol) polyvinylpyrrolidone (PVP) in isotonic buffered salt solu- 
tion, were pumped through the fibers by a Harvard infusion pump 
(Model 600-000, Harvard Apparatus Co, Dover, MA) at a rate of 
3.8 mL/minute. The suspension then flowed inte a length of 
oxygen-impermeable tubing (Nyliflow pressure tubing 1/8 in, Poly- 
mer Corp, Reading, PA) immersed in a water bath at 37 °C, where it 
was held for varying periods to permit polymer formation. In normal 
operation a proportional metering valve was used to vary the 
proportion of oxygen to nitrogen in the gas exchange mixture over a 
chosen range as the cell suspension flowed through the gas exchange 
system. The fibers in which gas exchange occurred contained a cell 
suspension volume of 2.7 mL, and the full gradient of 76 mm Hg was 
established over a cell suspension volume of 30 mL. Once the oxygen 
gradient was established along the flewing cell suspension, the cells 
passed inio a length of small diameter, gas-impermeable tubing, 
where they were equilibrated at 37 °C to permit polymer formation. 
The oxygen gradient was found to be maintained along the tube 
length for periods up to 90 minutes. 

After equilibration the cell suspension was pumped past an oxygen 
electrode (Model E 5046; Radiometer, Copenhagen) fitted with a 
high sensitivity rapid response membrane (Yellow Springs Instru- 
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Fig 1. Schematic diagram of the sickle cell deoxygenation 
system. As described in Materials and Methods, a bundie of 
gas-porous, hollow fibers was used to prepare cell suspensions 
whose oxygen tension varied from 76 to 0 mm Hg along the length 
of tubing in which they were contained. 


ment Co, Yellow Springs, OH) and then into the bottom of the 
ektacytometer chamber. Aspiration of the flowing suspension from 
the top resulted in an upward flow through the annular space 
between a stationary and a rotating cylinder. A viscometer rotation 
speed of 100 rpm generated a laminar shear stress field of approxi- 
mately 100 dynes/cm? for 4% PVP concentration. This level of shear 
stress, at the upper range of that expected in vivo,’> was selected 
because it would induce deformation of nearly all normal red cells, 
whereas high MCHC normal and sickle cells would not deform at 
lower applied shear stress. It should be noted that deformation under 
these conditions does not imply that the cells deform readily in vivo. 
A laser beam passing through the cell suspension was diffracted by 
the cells, and a photometric detector provided a deformability index 
(DI) signal. This signal can be decreased in either of two instances.” 
First, a subpopulation of cells could become undeformable, and a 
double diffraction pattern representing both deformable and unde- 
formable cells would be seen. Alternatively, the entire cell popula- 
tion might show a homogeneous reduction in the extent of deforma- 
tion, producing a single diffraction pattern. In these experiments a 
double diffraction pattern was observed over the range of decrease in 
the DI signal, indicating that cells either deformed fully or failed to 
deform. Therefore, the DI signal gave a measure of the proportion of 
deformable cells that persisted at any given pO). 

For each deformability measurement, approximately 250 uL of 
packed cells were suspended in 50 mL of isotonic PVP-buffer 
solution (0.5% hematocrit). The cation composition of the buffer was 
chosen to match the average intracellular concentrations (in mEq/L 
cell water) of the sickle cell samples. The purpose of this was to 
minimize the transmembrane gradients for Na and K, thereby 
preventing changes in intracellular ion and water content once the 
cells sickled and became more permeable to cations. On the basis of 
flame photometric measurement (Instrumentation Laboratories 
Model 443, Lexington, MA) of the sodium and potassium content of 
sickle cells washed in isotonic Tris-buffered (10 mmol/L, pH 7.4) 
MgCl, solutions, we used a medium containing 17 mmol/L NaCl, 50 
mmol/L KCI, and 10 mmol/L Na phosphate, pH 7.4 or 7.2. Sucrose 
was added to a concentration of 123 mmol/L to adjust the osmolality 
to 290 mosm/kg. The addition of PVP has a negligible effect on 
osmolality. In most experiments the concentration of PVP was 4 
2/100 mL of buffer, but in some experiments the concentration was 
varied to determine the effect of suspending medium viscosity. The 
viscosity of the PVP solutions at 37°C was measured using a 
capillary viscometer. 

To relate the observed changes in cell deformability to oxygen 
tension, the DI signal was applied to the Y axis of an XY recorder, 
while the signal from the oxygen electrode was applied to the X axis. 


aay 


The oxygen electrode was calibrated using flowing PVP-buffer 
solutions that had been equilibrated with defined gas mixtures. 

In these experiments, for each set deformability measurements It 
was important to know the actual concentration of deoxy HbS within 
the cells as a function of oxygen tension. To determine this we 
prepared cell suspensions along the oxygen gradient exactly as for 
the ektacytometric measurements, but after the equilibration period 
pumped them through a flow-through cuvette in a Beckman DU7 
spectrophotometer (Beckman Instruments, Palo Alto, CA). As the 
cells flowed past the oxygen electrode and through the cuvette, 
repeated measurements of absorbance at 540, 560, and 576 nm were 
made for every 3.8 mm Hg change in pO,. Using fully deoxygenated 
and fully oxygenated cell suspensions, a correction for light scatter- 
ing by the cells was determined. The corrected absorbance data were 
then used to calculate the percentage of deoxyhemoglobin at each 
time point, using the equations of Benesch et al.'* Care was taken to 
ensure that the cell suspension volume between the oxygen electrode 
and the light path in the cuvette was the same as the corresponding 
volume in the parallel ektacytometric experiments. This obviated the 
need to correct for the spatial separation of the viscometer and the 
oxygen electrode when DI data were related to oxygen saturation. 
The measured values of oxygen saturation and MCHC were then 
used to estimate intracellular polymer content at the values of 
oxygen tension at which deformability changes occurred, using data 
from Noguchi.” This involved taking interpolated values from the 
graphic representation of their calculated curves for polymer frac- 
tion as a function of oxygen saturation for cells of various MCHC 
over the range of 24 to 48 g/dL. To permit use of this approach, 
which does not take into account the presence of hemoglobins other 
than HbS, only samples containing low HbF (<8%) were used in this 
analysis. 

Whole sickle blood contains cells covering a broad range in 
MCHC, which has a large effect on HbS polymerization. Therefore 
we used density gradient centrifugation to isolate more homogeneous 
MCHC populations in which polymer content could be more closely 
defined. We used arabinogalactan (Stractan H; St Regis Paper Co, 
Tacoma, WA)'* to prepare discontinuous gradients, using six layers 
ranging in equal steps from 1.085 to 1.110 g/mL density, layered 
onto a cushion of at least 1.133 g/mL density. The gradients were 
centrifuged in a Beckman [3-50 ultracentrifuge (Beckman Instru- 
ments, Palo Alto, CA) for 30 minutes at 74,000 « g at 20°C. The 
separated cells were collected from the gradient interfaces using a 
Pasteur pipet and were washed three times in buffered saline 
containing glucose and potassium (135 mmol/L NaCl, 5 mmol/L 
KCI, 8.6 mmol/L Na HPO, 1.4 mmol/L NaH,PQ,, and 11 mmol / 
L glucose, adjusted to pH 7.4 and 290 mosm/kg) before use. MCHC 
was determined from a spun hematocrit and spectrophotometric 
measurement of hemoglobin as the cyanomethemoglobin complex. 
Fetal hemoglobin was quantitated using isoelectric focusing tech- 
niques.” For evaluation of sickle cell morphology, a double gas 
exchange system was constructed so that glutaraldehyde solutions 
and red cell suspensions could be adjusted to identical pO,. The 
effluent from both sets of fibers was then brought together to fix the 
cells without altering their oxygen saturation. The percent of sickled 
cells was determined from counts of 500 cells. 


RESULTS 


When a gradient in oxygen concentration from 76 to0 mm 
Hg was established along a flowing suspension of sickle cells 
and the cells allowed to equilibrate for 30 minutes, they 
showed the expected oxygen concentration-dependent reduc- 
tion in the ability to deform under shear stress, as shown in 
Fig 2. The DI v pO, curves showed a constant, maximal DI 
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Fig 2. Variation in deformability signal (DI) as a function of 
oxygen tension for a Fraction 2 gradient population. As shown 
here, cell deformability decreased abruptly over a relatively nar- 
row range in pO,. producing a curve that essentially represented 
two intersecting lines. The point of intersection was used to define 
the pO, at which loss of deformability was first detected (pO;). 
Reduction of the pH from 7.4 to 7.2 shifted this critical pO, to 
higher values, reflecting the pH-induced increase in HbS polymeri- 
zation. 


down to a critical pO, level, after which it decreased in 
essentially linear fashion. Thus, the intersection of the two 
linear portions of the curve was used to identify the pO, value 
at which a loss of deformability was first detectable (desig- 
nated pO,’ in Fig 2). In addition, because this value was 
expected to vary with MCHC, we also used the pO, at which 
the DI fell to a value of 0.2 to characterize each curve. The 
data shown in this figure and in Figs 3 through 5 were 
obtained on cell populations collected from the interface 
between the first and second layers of Stractan (Fraction 2). 
Such density-separated cell populations displayed a sharper 
transition in deformability with oxygen tension than whole 
blood, as expected from their greater homogeneity {data not 
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Fig 3. Effect of suspending medium viscosity on the DI v pO, 
curve for a Fraction 2 gradient population. A decrease in viscosity 
below 19.5 cp at 37 °C cp (4% PVP concentration) resulted in 
overall reduction in cell deformation and eventual blurring of the 
deoxygenation-dependent loss of cell deformability. {----- ) 19.5 cp, 
{—-} 12.5 cp, (-—} 9.5 ep, (ee) 7.5 ep. 
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Fig 4. Comparison of Div pO, relationship for continuous pO, 
gradient (continuous curve) and for measurements performed at 
fixed pO, values (open circles) over the same range for a Fraction 2 
gradient population. 


shown). It can be seen that these Fraction 2 samples in the 
various experiments did not give identical DI » pO, curves. 
Comparison of the oxygen dissociation curves for the samples 
showed that differences in oxygen affinity, presumably due 
to individual patient differences and differences in cell 
storage time, were the major source of variation, 

A series of experiments was performed to determine the 
effect of important experimental variables and to define the 
optimal procedure to obtain reproducible, physiologically 
relevant data. As expected from the characteristics of the 
polymer equilibrium, severa! factors predictably affected the 
range of oxygen tension over which the cell deformability loss 
occurred, Reduction of the suspending medium pH from 7.4 
to 7.2 caused a parallel shift of the DI v pO, curve to higher 
pO, (Fig 2), consistent with the increased Bohr effect of 
HbS, particularly below an extracellular pH of 7.4, and the 
corresponding enhancement of polymer formation.*?’ Most 
of the experiments employed paired deformability and oxy- 
gen saturation measurements at both pH 7.2 and 7.4 to 
permit comparison of the results with those of Noguchi et al’ 
and Noguchi'’ on polymer content, since those experiments 
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Fig S. Relationship between the reduction in the DI signal and 
percentage of sickle cells for a Fraction 2 gradient population. 
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were performed at pH 7.2. Some additional experiments 
were performed only at pH 7.4. 

The position of the DI v pO, curve also varied with 
MCHC, as shown by measurements using subpopulations of 
sickle cells isolated on density gradients (Fig 6). Again, the 
shift of the curves to higher pO, with increasing MCHC was 
consistent with the known increase in polymer content with 
increasing MCHC for any given oxygen tension.*”! The DI 
versus pO, curves for unseparated cells (data not shown) 
were always broader than those for the gradient populations, 
reflecting the fact that the heterogeneous mixture of cells 
underwent polymerization and sickling over a broad pO, 
range. 

Another variable that influenced the position of the DI v 
pO, curve was the viscosity of the suspending medium. A 
decrease in extracellular viscosity, achieved by reducing the 
concentration of PVP, resulted in a reduction in the propor- 
tion of deformable cells at progressively higher pO, values. 
For higher MCHC cells there was also a reduction in the 
maximum attainable DI (Fig 3). We attribute this latter 
effect to the requirement for a threshold ratio of extracellular 
to intracellular viscosity to induce red cell deformation.” A 
viscosity of 19.5 cp (4% PVP at 37°C) was chosen for 
subsequent experiments, since this viscosity showed clear-cut 
deformability differences among normal red cells from dif- 
ferent density gradient subpopulations without introducing 
large variations among whole blood samples from different 
normal subjects. [t was found that if the viscosity was 
reduced much below 19 cp, a substantial and varying propor- 
tion of cells from normal individuals would not deform, 
leading to a broadening of the range of normal isotonic DI 
values. 

Other experimental variables tested for their effect on the 
deformability-oxygen tension relationship included the 
cation composition of the suspending medium, the flow rate 
of the cell suspension through the gas exchange fibers, and 
the time period between gas exchange and deformability 
measurement. When cells were equilibrated in high-Na, 
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Fig 6. DiI v pO, curves for Fractions 1 to 4 of Stractan- 
separated sickle cells. As the MCHC of isolated cell populations 
increased, the maximum DI decreased, and a deoxygenation- 
dependent loss in cell deformability occurred at progressively 
higher pO,. See Table i for characteristics of the cell populations. 
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Tabie 1. Characteristics of Sickle Cell Gradient Subpopulations 


i i 





Reticulocytes (%) 








Fraction MCHC ig/di} (X + SEM} ISC (36) 
1 26.00 + 0.72 10.95 + 1.14 2.12 + 0.29 
2 29.49 + 0.44 7.84 + 1.09 2.95 + 0.48 
3 31.21 + 0.47 5.59 + 0.55 3.82 + 0.46 
4 33.20 + 0.47 4.22 + 0.55 5.95 + 0.60 
5 34.75 + 0.37 2.83 + 0.80 7.68 + 0.93 
6 


39.48 + 0.91 1.40 + 0.19 12.59 + 7,08 





low-K medium, the Dl-pO, curve was shifted to higher 
oxygen tensions as compared to the curve obtained for cells 
from the same sample that were equilibrated in a medium in 
which the Na and K concentrations were close to their 
intracellular concentrations. This difference was interpreted 
as a reflection of a net leakage of K ions out of sickled cells in 
the high Na medium, resulting in a loss in cell water and a 
concomitant increase in HbS concentration and polymer 


brane cation gradients was used for the rest of the experi- 
ments. 

The rate at which the cells were pumped through the gas 
exchange fibers affected the subsequent deformability of 
even fully oxygenated cells. If the flow rate was high (=4 
mL/min), the maximum cell deformation was decreased. 
We surmise that this was likely the result of shear-induced 
fragmentation occurring as the cells entered or left the fibers. 
Calculation of Reynolds numbers for flow through the fibers 
at these rates indicates that turbulence was probably present, 
increasing the likelihood of cellular fragmentation. The 
delay time for polymer formation at low HbS concentration 
and at pH 7.4 was expected to be prolonged, particularly at 
higher levels of oxygen saturation.” Therefore, we wanted to 
determine the maximum period for which the cells could be 
equilibrated at 37 °C without undergoing damage and alter- 
ation in their deformability properties that could not be 
explained on the basis of HbS polymer formation. Variation 
of the equilibration period from 30 to 90 minutes had no 
significant effect on the DI v pO, curve (data not shown). An 
equilibration period of 30 minutes was chosen for the study. 

We performed experiments in which 10-mL aliquots of 
cell suspension were run through the system while a constant 
pO, was maintained in the gas exchange system (Fig 4). 
Measurement of the DI at various fixed pO, values along the 
gradient range showed that the DI-pO, relationship obtained 
was very close to the continuous curve obtained using the 
decreasing oxygen gradient (when the continuous curve was 
adjusted for the spatial separation of the oxygen electrode 
and the ektacytometer). Therefore, we conclude that mea- 
surements performed using a decreasing gradient fram 76 to 
O mm Hg oxygen provide accurate information about the 
proportion of sickle cells that can deform after equilibration 
at a given pO, value. 

Examination of cell morphology at various points along 
the pO, gradient allowed us to define the relationship 
between the reduction in the DI signal and the percentage of 
sickle cells in a representative isolated cell population with an 
MCHC of 32 g/dL at pH 7.2 (Fig 5). We observed both 
characteristic elongated cells with spicules, and a larger 


320 


number of crumpled, or “holly leaf,” cell forms, all of which 
were counted as sickled cells. We note that sickle forms 
appear in the fixed cell population prior to a point where 
there is a decrease in the DI signal, and that some discoid 
cells persist even at very low pQ),. 

Using the conditions defined as described above, we 
obtained DI v pO, curves for 34 samples of density-separated 
sickle cells from 14 individuals, covering an MCHC range 
from 27 to 34 g/dL. These curves were characterized by two 
parameters: the pO, at which the deformability loss was first 
detectable, and the pO, at which the DI signal fell to 0.2 (Fig 
2). Then the parallel oxygen saturation measurements were 
used to determine the percent oxygen saturation at these pO, 
values. These data, summarized in Fig 7, show that both the 
pO, and oxygen saturation at which polymer formation 
interfered with cell deformability rose with increasing 
MCHC. 

To relate the observed deoxygenation-dependent changes 
in sickle cell deformability to HbS polymer concentration, 
we used the estimates of Noguchi and her associates for 
polymer content at a given pO, and intracellular HbS 
concentration." Using data only from samples containing 
less than 8% HbF, we have plotted the estimated polymer 
content resulting in the first detectable decrease in cell 
deformability as a function of MCHC (Fig 8). Since Nogu- 
chi’s estimates were based on a suspending medium pH of 7.2 
and since we were interested in the more physiologic pH of 
7.4, we determined the DI as a function of oxygen saturation 
at both pH 7.2 and 7.4 and made the assumption that 
equivalent decreases in DI represented equivalent increases 
in polymer concentration at the two pH values. When the 
characteristic pO, values were thus used to estimate polymer 
content at which a loss of deformability could first be 
detected, two observations emerged. First, the minimal 
detectable polymer increased with increasing MCHC. Sec- 
ond, in the higher MCHC cells it constituted a substantial 
fraction of the total hemoglobin inside the cells. Thus while it 
was 5% of total hemoglobin at 27 g/dL, polymer represented 
35% at 34 g/dL at pH 7.2. 


DISCUSSION 


The present study provides new information concerning 
the rheologic effect of HbS polymer within red cells. While 
the physiologic interpretation of the results is limited by the 
fact that the threshold for loss of cell deformability depends 
on the selected experimental conditions, comparison with the 
rheologic effect of variations in MCHC and intracellular 
viscosity”? provides some perspective on the problem. The 
selected conditions for these experiments clearly distinguish 
oxygenated higher MCHC sickle cells from normal cells in 
their rheologic behavior, while oxygenated low MCHC cells 
are not distinct in their behavior. (This essentially repeats 
our previous observations for fully oxygenated, density- 
separated sickle cell populations.'**“) Moreover, deoxygena- 
tion results in a reduction in the ability of low MCHC sickle 
cells to deform and in an additional loss in the already 
reduced deformability of higher MCHC cells. The diffrac- 
tion pattern generated by the ektacytometer at reduced 
oxygen tension indicates the presence of a double population 
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of cells, deforming and nondeforming. Previously, it has been 
shown that the stably oriented, ellipsoidal pattern character- 
istic of red cells deforming under laminar shear stress 
requires a “tank-treading” motion of the membrane around 
the cell interior. Thus, the loss of cell deformability in the 
ektacytometer can be interpreted as a loss in the ability of the 
cell to undergo this dynamic, tank-treading motion. This is 
different from the ability of a cell to undergo gradual 
deformation from one staticnary geometric form to another. 

From the data presented in our cell morphology experi- 
ment, we have determined that the percent reduction in DI 
signal for a given percentage of sickle cells is greater than 
might be predicted from the linear decrease found with 
glutaraldehyde-fixed normal cells. There are at least two 
possible explanations for this result. First, reversibly sickled 
cells may orient in the shear field of the ektacytometer in a 
direction perpendicular to that of deforming cells, much like 
irreversibly sickled cells (ISC). Bessis and Mohandas” have 
demonstrated that ISC produce a characteristic horizontal 
diffraction pattern that results from the perpendicular orien- 
tation of these cells to the direction of fluid flow, thus 
subtracting from the DI signal. A second possibility is that 
those cells that maintain a disccid appearance may contain 
sufficient HbS polymer to be partially or totally undeforma- 
ble. However, recent studies suggest that the latter possibil- 
ity is unlikely to contribute in a significant way to the 
interpretation of these data. Nash et al’ and Chien et al” 
have noted that alterations in the viscoelastic properties of 
sickle cells were detected only in those cells that had under- 
gone a morphologic change. Additional kinetic studies by 
Mozzarelli et al were also consistent with these findings. 
Those authors, using a measurement of the delay time for 
HbS polymerization to detect preexisting polymer, found 
that whenever polymer was present, the cells were morpho- 
logically sickled. 

Taking this into consideration, we suggest that the 
reduced deformation of sickle cells at low oxygen tension in 
the ektacytometer reflects the accumulation of an internal 
mass of polymerized HbS to a size sufficient to interfere with 
the tank-treading motion of the cell. It should be noted that 
in deoxygenation experiments such as those conducted here, 
polymer formation at higher oxygen tensions does not reach 
equilibrium during the period of experimental observation.” 
At these intermediate oxygen tensions, the hemoglobin solu- 
tion is effectively supersaturated. This probably explains 


Fig 7. Relationship between MCHC and critical pO, or oxygen 
saturation values at which loss of cell deformability was first 
detected (closed circle) and at which the DI feli to a value of 0.2 
{open circle). (A) MCHC v pO, at pH 7.2. Linear regression 
analysis gave a correlation coefficient of r = 0.661 for initial loss of 
deformability and r = 0.669 for DI equal to 0.2. (B) MCHC v pO, at 
pH 7.4. Linear regression analysis gave a correlation coefficient of 


to 0.2. (C) MCHC v O, saturation at pH 7.2. Linear regression 
analysis gave a correlation coefficient of r = 0.663 for initial loss of 
deformability and r = 0.575 for Di equal to 0.2. {D} MCHC v Q, 
saturation at pH 7.4. Linear regression analysis gave a correlation 
coefficient of r = 0.812 for initial loss of deformability and r = 
0.761 for DI equal to 0.2. 
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Fig 8. Estimated polymer concentration producing a loss in 


cell deformability for cells of various MCHC. (A) pH 7.2 {B} pH 7.4. 
The closed circle symbols designate the first detectable loss of 
deformability, and the open circle symbols designate a decrease in 
average Di to 0.2. The polymer fraction was estimated using the 
data from Noguchi” as described in Methods. 


why the DI signal in our experiments fell sharply over a 
narrow pO, range. 

Under the conditions of our studies of low and medium 
density sickle cells, a decrease in sickle cell deformability 
could be detected only when the oxygen saturation was 
reduced to a level at which substantial concentrations of 
polymer are expected to be formed. This finding is consistent 
with the recent micropipette studies that demonstrated that 
enough polymer must form within a cell to cause morpho- 
logic change before deformability is impaired.”°’’ It might 
have been anticipated that micropipet measurements of 
membrane deformation at the periphery of the cell would be 
less sensitive than the ektacytometer to the presence of 
polymer in the cytoplasm, but such a difference is not 
apparent in these results. Thus, small amounts of polymer 
may not interfere greatly either with the tank-treading or 
viscoelastic deformation of the cells. In addition, our results 
suggest that the minimum amount of polymer that interferes 
with cell deformation increases with increasing intracellular 
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Hb concentration. This could arise because increasing intra- 
cellular viscosity obscures the detection of the imitial effects 
of polymer. Alternatively, t may be that HbS polymeriza- 
tion at lcw HbS concentration results in gradual growth of an 
extended network of polymer originating from a few nuclea- 
tion sites, whereas polymerization at high HbS concentra- 
tions results in a rapid, multicenter growth of smaller 
domains of polymer.” It might be anticipated that the effect 
of extended polymer structures would be more effective in 
preventing cell deformation than a larger quantity of small, 
independent aggregates. 

Whatever the reason for the difference in the minimum 
detectatle quantity of polymer in cells of different MCHC, it 
is Of particular interest that the higher MCHC cells appear 
less sensitive to polymer formation than the low MCHC 
cells. It has been proposed that the small amounts of polymer 
that appear to persist in high MCHC cells should have two 
effects of potential clinical significance.’ First, the presence 
of polymer would eliminate any delay in formation of poly- 
mer dur-ng brief periods of reduced oxygen tension. Second, 
the poly ner might impair the cells rheologically so that they 
would be less able to flow rapidly through hazardous areas of 
low oxygen tension. Although their high intracellular viscos- 
ity prevented us from studying this process in very high 
MCHC cells, our results suggest that small amounts of 
persisteat polymer would have the least rheologic effect on 
the cells in which it is most likely to be found. Thus, we would 
anticipate that any deleterious effect of persistent polymer in 
high MCHC sickle cells at higher pO, would be more likely 
to be exerted through its effect on the rate of polymer 
formation than on the deformability of cells at high levels of 
oxygen saturation. 
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Human Neutrophil Degranulation During Extracorporeal Circulation 


By Yanina T. Wachtfogel, Umberto Kucich, John Greenplate, Piotr Gluszko, Wiliam Abrams, George Weinbaum, 
Robert K. Wenger, Boguslaw Rucinski, Stefan Niewiarowski, L. Henry Edmunds, Jr, and Robert W. Colman 


Cardiopulmonary bypass, especially when prolonged, may 
result in hemostatic failure and pulmonary dysfunction, 
which has been attributed to changes in platelets and 
leukocytes, respectively. it has been well documented that 
contact of blood with synthetic surfaces causes platelet 
activation. In this report, we explore mechanisms of the 
activation of neutrophils during simulated in vitro extracor- 
poreal circulation and document the release of neutrophil 
lactoferrin and elastase during clinical cardiopulmonary 
bypass (CCB). Inhibition in the simulated circuit by prosta- 
glandin E, (PGE,) and lidocaine suggests different mecha- 
nisms for release of neutrophil-specific proteins. During 
CCB with a bubble oxygenator it was observed that plate- 
let counts fell to 42% + 2% of baseline. In addition, 
8-thromboglobulin antigen (ETG), a platelet-specific, a- 
granule protein marker reflecting the release reaction, 
increased from 0.15 + 0.05 to 0.84 + 0.11 ug/ mL. Neutro- 
phil counts decreased to 67% + 7% of prebypass levels but 
then gradually rose as bypass continued. Both lactoferrin, a 


URING CARDIOPULMONARY BYPASS, blood 

anticoagulated with heparin leaves the normally non- 
thrombogenic endothelial-lined vascular system and comes 
in contact with synthetic surfaces of the extracorporeal 
circuit. Contact with synthetic materials leads to major 
qualitative and quantitative alterations in platelets that 
result in released granule contents, prolonged bleeding time, 
and increased blood loss. During in vitro recirculation, 
thrombocytopenia,'”? decreased sensitivity of platelets to 
aggregating agents,’ decreased a,-adrenergic,’ and fibrino- 
gen receptors,’ secretion of thromboxane B,,° and depletion 
of a-granule contents’ have been observed. 

The release of the lysosomal hydrolase G-glucuronidase 
during simulated extracorporeal circulation (SECC),’ as 
well as N-acetyl-G-glucosaminidase and #-glucuronidase, 
during clinical cardiopulmonary bypass (CCB),*® suggests 
neutrophil activation. However, neither of these enzymes are 
specific for neutrophils and also might be derived from either 
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neutrophil-specific granule marker, and neutrophil elas- 
tase, an azurophilic granule marker, increased in plasma 
threefold to 1.66 + 0.33 ug/mL and 1.65 + 0.68 pg/mL, 
respectively. just before bypass was stopped. When fresh 
heparinized human bicod was recirculated within an extra- 
corporeal membrane oxygenator bypass circuit for 120 
minutes, plasma -TG rose to 5.13 ug/ml, lactoferrin 
increased from 0.13 + 0.04 to 1.62 + 0.22 ug/mL, and 
neutrophil elastase rose from 0.05 + 0.02 to 1.86 + 0.41 
g/mL. At 120 minutes, lidocaine (100 uwmol/L), which 
inhibits neutrophil activation, delayed release of lactoferrin 
{1.33 + 0.26 ug/mL) and markedly inhibited release of 
elastase (0.24 + 0.05 ug/mL) but did not inhibit release of 
-TG antigen (5.66 #g/mL at 120 minutes}. PGE, (0.3 
mol/L) inhibited significantly the release of B-TG (0.31 
ug/ml) and elastase ‘0.52 + 0.11 pg/mL) and attenuated 
the release of lactoferrin (1.57 + 0.45 pg/mL). 

® 1987 by Grune & Stratton, Inc. 


platelets’ or monocytes.'® In this study, neutrophil activation 
was examined in both CCB and SECC by measuring two 
neutrophil proteins; lactoferrin, a specific granule marker, 
and human neutrophil elastase (HNE), an azurophilic gran- 
ule marker.'''* Characterization of the neutrophil response 
was addressed by observing the inhibitory effect of lidocaine 
and prostaglandin E, (PGE,) on the release of these proteins 
in an extracorporeal model.’ 


MATERIALS AND METHODS 


CCB perfusion circuits contained a centrifugal pump (Biomedi- 
cus, Eden Praire, MN), bubble oxygenator (BOS-102; Bentley Labs, 
Irvine, CA), and arterial line filter (model 1331) and cardiotomy 
reservoirs (Extracorporeal, Valley Forge, PA). SECC perfusion 
circuits (surface area of 0.9 m’) including a spiral coil membrane 
oxygenator model 0800-2A (surface area of 0.8 m°} and a venous 
reservoir (model R-500—4), were obtained from Sci-Med Life 
Systems, Minneapolis, and silicone tubing was obtained from Dow 
Chemical, Midland, M:i. Beef lung heparin was obtained from 
Upjohn, Kalamazoo, MI; PGE, and N-formyl-L-Methionine-L- 
Leucyl-L-Phenylalanine {FMLP} from Sigma Chemical, St Louis; 
and lidocaine from Elkins-Sinn, Cherry Hill, NJ. Flat-bottomed 96 
well polystyrene microtiter plates (Immulon no. 2) were obtained 
from Dynatech Laboratcries, Alexandria, VA. Goat antirabbit IgG 
(heavy and light chains) covalently coupled to biotin and peroxidase- 
conjugated avidin as weil as peroxidase-conjugated goat antirabbit 
IgG (heavy and light chains) were obtained from Cappel Laborato- 
ries, West Chester, PA. 

Purified blood proteins. 8-Thromboglobulin antigen (8TG) was 
purified to homogeneity as previously described." Purified human 
lactoferrin and monospecific rabbi: antihuman lactoferrin were 
obtained from Calbiochem-Behring, La Jolla, CA. HNE was puri- 
fied to homogeneity as described. Antibody raised in rabbits to 
HNE produced one precipitin arc either by immunodiffusion or 
immunoelectrophoresis against either purified HNE or a crude 
neutrophil extract. The HNE immunoassay utilized a 35% ammo- 
nium sulfate-enriched IgG fraction that was exhaustively dialyzed. 

Clinical cardiopulmonary bypass. In ten patients from whom 
written informed consent was obtained, lactoferrin and HNE levels 
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were measured in plasma samples obtained before, during, and after 
open-heart surgery for valvular or ischemic heart disease. In four of 
these patients plasma levels of platelet STG were also sampled at the 
same time intervals. Blood samples (15 mL) were drawn from a 
radial artery catheter: (a) before induction of anesthesia; (b) after 
anesthesia, before heparin; (c) after heparin, before CCB; (d) five 
minutes after start of CCB; (e) 45 minutes after start of CCB; (f) 
just before CCB ended; (g) 60 minutes after CCB; and (h) 24 hours 
after CCB. All patients had CCB with a bubble oxygenator, 
centrifugal pump, and arterial line filter and were cooled to 26 °C to 
28 °C during the procedure. Cold crystalloid potassium cardioplegia 
was used. Blood aspirated from the operative field was diluted in 
saline and centrifuged in a Dideco cell sorter (Mirondola, Italy) at 
2,800 g and infused into each patient as packed cells. 

Blood samples were collected into 1/10 volume sodium citrate 
(final concentration 0.38%) containing PGE, (final concentration 
0.3 umol/L to prevent in vitro cell activation. Three milliliters were 
prepared as previously described for BTG measurements. Twelve 
milliliters were centrifuged at 2,225 g for 15 minutes at 23 °C. The 
supernatant was then recentrifuged at 27,500 g for 15 minutes and 
the resulting supernatant frozen at —70 °C in 0.8-mL aliquots for 
subsequent measurements of lactoferrin and HNE. 

Simulated extracorporeal circulation. Perfusion circuits were 
assembled from standard silicone rubber components, polycarbonate 
connectors, and spiral coil membrane oxygenators as described 
previously.’ Blood and gas compartments were flushed with 100% 
carbon dioxide for 15 minutes prior to priming the circuit. Oxygen- 
ators were primed by applying a vacuum to the lower gas port. Five 
hundred milliliters of blood were drawn from random donors who 
had abstained from any medications for 2 weeks directly into circuit 
venous reservoirs containing heparin (5.0 U/mL blood), glucose (3.3 
mg/mL blood) and, in selected experiments, PGE, (0.3 wmol/L) or 
lidocaine (100 umol/L) (final concentration in whole blood). PGE, 
(10 mg) was first dissolved in 0.01 mL of 95% ethanol and diluted 
with 0.2% Na,CO, so that the total volume of PGE, solution added 
was 0.05 mL. Blood was permitted to enter the reservoir by gravity 
without foaming, and any air bubbles were removed from the system 
before starting the recirculation by a precisely shimmed, barely 
occlusive pump at a rate of 1.0 L/min for various lengths of time up 
to 120 minutes. The oxygenators were ventilated with a 95% 
oxygen-5% carbon dioxide mixture at a rate of 2.4 L/min. Blood 
temperature was maintained at 37°C by immersing the reservoir 
bag in a constant-temperature water bath. 

Samples of blood for analysis were collected either directly from 
the donor or from the reservoir at various times during recirculation. 
A sample of blood taken from the donor was incubated at 37 °C for 
120 minutes and served as a standing control. Plasma samples were 
prepared as described above. 

Blood cell counts. | Whole blood platelet counts'® and leukocyte 
counts’® were obtained using a hemocytometer under phase micros- 
copy. A differentia! leukocyte count was performed to assess the 
percent of neutrophils in the total population. Hematocrits were 
measured on each sample, and all counts expressed were corrected 
for by the calculated hemodilution. 

Radioimmunoassay for BTG. Plasma BTG levels were mea- 
sured as described previously from this laboratory." 

Enzyme-linked immunosorbent assay for HNE. \Immunochem- 
ical measurement of total HNE concentration was performed by an 
indirect competitive enzyme-linked immunosorbent assay (ELISA) 
in 96-well microtiter plates as previously described,” with the 
following modifications. Goat antirabbit IgG, conjugated with bio- 
tin, was added to each plate and incubated for 60 minutes at 23 °C, 
the plates were washed, and peroxidase-avidin was added for 30 
minutes at 23°C. The plates were again washed, substrate was 
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added; plates were incubated for 40 to 60 minutes, and the absorb- 
ance was measured at 450 nm. 

ELISA for lactoferrin. Plasma lactoferrin levels were measured 
as described previously from this laboratory." 

Neutrophil isolation and aggregation. Neutrophils were iso- 
lated and aggregation was measured with a platelet aggregometer 
(Chronolog, Havertown, PA) as described previously from this 
laboratory.'* Neutrophils (1 x 10’/mL) were preincubated for 10 
minutes at 37 °C with either PGE, (0.3 umol/L) or lidocaine (100 
umol/L). They were then challenged with the chemotactic peptide 
FMLP (100 nM) and extent of aggregation measured. The results 
were compared to neutrophils that had not been exposed to either 
drug. 

Lidocaine measurements. Plasma levels of lidocaine were mea- 
sured at 0, 2, 10, 60, and 120 minutes after the start of recirculation, 
employing an immunoassay lidocaine kit obtained from SY VA, Palo 
Alto, CA. 

Statistical analysis. Student's ¢ test (paired) was used to test for 
significant differences between treatments at the end of SECC at 
120 minutes. In all cases + /— values stated indicate the mean + /— 
the SEM. Analysis of variance was performed using all values for the 
data on the last three figures. All values listed as significant have a 
less than 5% occurrence by chance alone. 


RESULTS 


Clinical cardiopulmonary bypass. Following heparin 
administration, prebypass platelet counts fell to 92% + 6% of 
the initial platelet level. By five minutes into bypass, platelet 
counts had decreased to 40% + 4% (Fig 1) and remained at 
baseline levels for the duration of bypass. However, plasma 
BTG rose throughout CCB (Fig 1). 

After heparin administration, prebypass neutrophil counts 
fell to 90% + 4% of the initial level and by 45 minutes 
neutrophil counts dropped to 67% + 7%. However, by 60 
minutes postbypass the neutrophil counts had returned to 
103% + 6% of the initial neutrophil level (Fig 2}. Prebypass 
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Fig1. Platelet counts and plasma levels of platelet STG during 
CCB. The percent initial platelet count and released ATG was 
determined: (a) before induction of anesthesia; ib} after anes- 
thesia, before heparin: (c) after heparin, before CCB: id} five 
minutes after start of CCB; (e) 45 minutes after start of CCB: {f} 
just before CCB ended: (g) 60 minutes after CCB; {h} 24 hours after 
CCB. Each point represents the mean + SEM of four patients. 
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Fig 2. Neutrophil counts, plasma levels of neutrophil lactofer- 
rin, and plasma levels of HNE during CCB. The percent initial 
neutrophil count, released lactoferrin, and released HNE were 
determined at the same time intervals as in Fig 1. Each point 
represents the mean + SEM of ten patients. 


lactoferrin levels rose from a baseline of 0.06 + 0.02 ng/mL 
to 0.56 + 0.17 ug/mL before bypass. During CCB, lactofer- 
rin levels continued to rise steadily to a maximum of 1.66 + 
0.33 ug/mL just before the end of CCB. However, lactofer- 
rin concentrations fell to 1.45 + 0.48 g/mL 60 minutes 
after bypass and by 24 hours had returned to an initial 
prebypass level of 0.23 + 0.06 g/mL (Fig 2). In contrast, 
the prebypass levels of HNE did not change. After five 
minutes of bypass, HNE levels began to increase from a 
baseline of 0.49 + 0.07 ng/mL. HNE levels rose throughout 
bypass to 1.65 + 0.68 ng/mL. By 60 minutes, the HNE was 
still maximal at 1.71 + 0.55 g/mL but returned to a value 
of 0.71 + 0.07 ug/mL by 24 hours after bypass (Fig 2). 

Simulated extracorporeal circulation. During recircu- 
lation the circulating platelet count declined within two 
minutes and slowly increased over the next two hours, as has 
been reported previously.” A steady rise in plasma levels of 
BTG to 5.13 wg/mL at 120 minutes (Fig 3) was observed. 
Addition of PGE, (0.3 wmol/L) completely preserved the 
prebypass platelet counts’? and prevented STG release (Fig 
3), while lidocaine (100 wmol/L) showed no effect on the 
release of BTG (5.66 wg/mL) at 120 minutes (Fig 3). 

During SECC, neutrophil counts declined after 30 min- 
utes, but even at 120 minutes the value was 81% + 21% of 
baseline. Neither PGE, (0.3 pmol/L) nor lidocaine (100 
umol/L) resulted in significant preservation of circulating 
neutrophil counts (Fig 4). 

During SECC there was a steady rise in the plasma levels 
of lactoferrin from a baseline of 0.13 + 0.04 ug/mL to 1.62 + 
0.22 wg/mL at 120 minutes. This level of lactoferrin at 120 
minutes differed significantly from the level of 0.26 + 0.13 
ug/mL (P < .05) found in the control maintained at 37 °C 
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Fig 3. Plasma levels of piatelet STG in recirculated blood 
during SECC. Released STG is expressed as ug of STG per mL of 
plasma. Values were obtained when heparin anticoagulated blood 
was recirculated in the presence cf PGE, (0.3 umol/L) (X-X), 
lidocaine (100 umoi/L) (0-0), or absence of additional drug 
{@-——-@)}. Each point represents the mean of two separate determi- 
nations for each drug. 


for 120 minutes without exposure to the circuit. PGE, (0.3 
umol/L) decreased the rate but did not completely inhibit 
lactoferrin released from neutrophil-specific granules (Fig 
5). Lidocaine (100 umol/L) appeared to show an inhibitory 
effect on the releae of lactoferrin for the initial 20 minutes of 
perfusion (Fig 5). Although the t'4 of PGE, is known to be 
several hours in plasma,” the t% of lidocaine has not been 
previously examined. To estimate how much lidocaine was 
present in our circuit, we measured lidocaine levels in our 
samples and determined the t'⁄ of its disappearance to be 7 
minutes. Since lidocaine was only introduced at the begin- 
ning of SECC, lidocaine levels would be 12% of that of the 
initial concentration at 21 minutes. 

During recirculation there was a steady rise in plasma 
levels of HNE from a baseline of 0.05 + 0.02 ng/mL to 
1.86 + 0.41 ug/mL at 120 minutes. This level of HNE when 
analyzed at 120 minutes differed significantly from the level 
of 0.37 + 0.06 ug/mL HNE {P < .05) found in the 
120-minute standing control not exposed to the circuit. In 
contrast to the effect on either neutrophil count or lactoferrin 


Fig 4. Neutrophil counts in 
recirculated blood during 
SECC. Neutrophil counts are 
expressed as percent initial 
control neutrophil count. The 
same symbols are used as in Fig 
3. Each point represents the 
mean + SEM of seven separate 
determinations. 
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Fig 5. Plasma levels of neutrophil lactoferrin in recirculated 
biood during SECC. Released lactoferrin is expressed as ug of 
lactoferrin per mL of plasma. The same symbols are used as in Fig 
3. Each point represents the mean + SEM of seven separate 
determinations. 


release, analysis of variance indicates a significant inhibition 
of the release of HNE during recirculation by both PGE, and 
lidocaine respectively (Fig 6). 

To ascertain whether the inhibition of neutrophil degranu- 
lation observed in SECC was due to a direct effect on the 
cells, neutrophils were preincubated for ten minutes at 37 °C 
with either PGE, (0.3 wmol/L) or lidocaine (100 wmol/L). 
Both treatments inhibited the maximal extent of in vitro 
aggregation induced by the chemotactic peptide FMLP by 
50% and 53%, respectively (data not shown). 


DISCUSSION 


Cardiopulmonary bypass is used in approximately 
200,000 Americans of all ages each year. The procedure 
differs substantially from hemodialysis in that the entire 
cardiac output in CCB passes through multiple components 
of the perfusion system, whereas in hemodialysis only a small 
(5% to 10%) portion passes through. The procedure is 
technically complex and varies in detail from patient to 
patient. With rare exception the patient’s blood is diluted 
with crystalloid solutions yielding hematocrits of 20 to 25, 
cooled to 26 °C to 28 °C, and continuously filtered, washed, 
centrifuged, and returned to the patient as packed RBCs. In 
addition, patients receive a wide variety of drugs, anesthetic 
agents, and occasional blood transfusions. Usually the heart 
is perfused with cold cardioplegic solution every 20 to 30 
minutes, and this solution (typically totalling 1 to 2 L) 
returns to the perfusate. The extensive dilution and pro- 
cessing of autologous blood and the presence of the patient’s 
metabolic and clearance mechanisms, frustrate attempts to 
completely define all variables of blood-surface interaction in 
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Fig6. Plasma levels of HNE in recirculated blood during SECC. 
Released HNE is expressed as ug of HNE per mL of plasma. The 
same symbols are used as in Fig 3. Each point represents the 
mean + SEM of seven separate determinations. 


the clinical setting. However, because of possible clinical 
significance, it is important to verify the appearance and 
disappearance of various blood elements and cell-specific 
markers in vivo. Thus, this study for the first time identifies 
the appearance of lactoferrin and HNE in the circulation of 
patients who have undergone open-heart surgery. 

SECC with fresh heparinized human blood permits quali- 
tative measurements and careful study of the blood elements 
that directly interact with synthetic surfaces of the cardio- 
pulmonary bypass system. Many of the variables that com- 
plicate the interpretation of in vivo results are eliminated. 
The use of heparin does not pose a problem with regard to 
neutrophil activation in SECC, since there is no significant 
rise in plasma levels of lactoferrin and HNE in 1 20-minute 
standing control samples that have not been exposed to the 
circuit. This model has proved particularly valuable in 
studies of platelet-surface interactions, and has led to 
measures to protect platelets during CCB.?? 

CCB activates platelets’ and complement,” but heretofore 
activation of neutrophils with concomitant release of neutro- 
phil-specific proteins has not been definitively demonstrated. 
Several investigators have demonstrated sequestration of 
neutrophils within capillaries during and immediately after 
cardiopulmonary bypass.” Appearance of both of the neutro- 
phil-specific granule protein lactoferrin and azurophilic 
granule enzyme HNE in the plasma of both CCB and SECC 
indicates that neutrophils are stimulated and degranulation 
occurs. 

Neutrophils contain many powerful lysosomal hydrolases 
as well as significant amounts of HNE, a major granular 
protease.'''? Since the extracellular environment has a neu- 
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tral pH, released HNE has a potential for catalytic activa- 
tion and may be important in mediating complications of 
CCB. HNE is a potent fibrinogenolytic and fibrinolytic 
enzyme,” that alters other coagulation proteinases,?””* 
hydrolyzes platelet glycoprotein 1b,” reduces the number of 
thrombin-binding sites per platelet,” and exposes fibrinogen 
receptors on the platelet surface.*’ Thus, HNE present in the 
extracellular environment after neutrophil degranulation 
could contribute to the hemorrhagic complications of pro- 
longed CCB. In addition, because HNE attacks lung paren- 
chyma” and produces endothelial injury,” it may play a role 
in the capillary, pulmonary, and compartmental fluid 
changes associated with CCB. These changes could occur at 
HNE concentrations found in this study (Fig 2). When 
alpha-1-proteinase inhibitor is present, rapid inactivation of 
HNE occurs, but oxidation of the critical Methionine 
residue of this plasma protease inhibitor may result in its 
inactivation allowing active HNE to act on connective tissues 
or other substrates. 

Lactoferrin, located in the specific granules, is released at 
shorter incubation times and/or lower concentration of ago- 
nists than HNE.” It may be more difficult to inhibit 
lactoferrin exocytosis than HNE release. Lactoferrin may 
function as an autacoid potentiating other neutrophil ago- 
nists.” 

SECC allows evaluation of agents that may modulate the 
ability of leukocytes and platelets to extrude their intracellu- 
lar proteins. Lidocaine (100 nmol/L), a known inhibitor of 
neutrophils’ with a t} of seven minutes in this system, 
inhibits the release of lactoferrin for the first 20 minutes of 
recirculation, and then as the effect of lidocaine begins to 
wear off, lactoferrin gradually increases to levels seen in the 
absence of the drug (Fig 5). The concentration of lidocaine 
that has been used as an antiarrhythmic agent is 5 to 20 
umol/L.** In contrast, lidocaine virtually prevents the 
appearance of HNE (Fig 6) during SECC since lower 
concentrations are required for this effect. The effect of 
lidocaine is probably mediated directly since this compound 
inhibits neutrophil aggregation in vitro. Since we have not 
yet determined the minimal concentration necessary for 
inhibition of neutrophil exocytosis, its potential as a chemical 
inhibitor of neutrophil granule release cannot be ruled out. In 
contrast, 8TG levels are not altered by lidocaine (Fig 3). 

PGE, (0.3 wmol/L), a known inhibitor of platelet func- 
tion,” not only preserves the percent of initial platelet level 
and inhibits the release of BTG (Fig 3) as observed previous- 
ly” but also affects neutrophil degranulation as reflected by 
the attenuated release of lactoferrin (Fig 5) and total inhibi- 
tion of HNE degranulation (Fig 6) during SECC. PGE, has 
already been shown to inhibit both leukocyte aggregation in 
the pulmonary microcirculation® and granulocyte func- 
tion.? We now demonstrate that PGE, directly inhibits 
FMLP-induced neutrophil aggregation, in aggreement with 
the observation of Fantone et al“ that PGE, decreased the 
generation of superoxide anion production and lysosomal 
enzyme secretion of neutrophils in response to FMLP. Addi- 
tionally, recent work by Hoicroft et al*! describes the ability 
of PGE, to inhibit inflammation in the lungs of patients with 
adult respiratory distress syndrome. 
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Although the percent of initial platelet levels during both 
SECC" and CCB (Fig 1) decreases markedly, the percent of 
initial neutrophil levels falls to a lesser degree in either 
SECC (Fig 4) or CCB (Fig 2). Platelets adhere to synthetic 
surfaces of extracorporeal perfusion system'”* and are acti- 
vated to synthesize thromboxanes® and release a-granule 
contents.’ Membrane a,-adrenergic’ and fibrinogen recep- 
tors’ are reduced, and remaining circulating platelets lose 
their ability to aggregate in response to established agonists.’ 
In contrast, the failure of neutrophil counts to decrease to the 
extent of that of the platelets during recirculation suggests 
that neutrophil adherence to the synthetic surfaces of the 
system is less sensitive as an activating mechanism than it 1s 
with platelets. Thus, the soluble neutrophil agonists that are 
generated as a result of activation of other blood elements 
and/or proteins on the surface of the extracorporeal circuit 
are implicated in neutrophil activation. 

Complement activation occurs during CCB.” The forma- 
tion of CSa, a potent neutrophil agonist,” is inferred from 
observed increases in C3a.*’ No direct increase of CSa has as 
yet been measured, probably because any CSa generated is 
readily internalized by the neutrophil. Thus, the contribution 
of C5a as a neutrophil agonist ts not yet clear in SECC. 

Recent studies by Heller et al“ have indicated that during 
CCB plasma prekallikrein levels significantly decrease, and 
the generation of kallikrein-like activity has been observed. 
Plasma kallikrein has been shown to induce neutrophil 
chemotaxis,** aerobic glycolysis,“ aggregation,“ ^" and 
degranulation'’** and may serve as a direct agonist in this 
system. Additionally, kallikrein activates Factor XII to 
Factor XHa,**° which recently has been shown to aggregate 
and stimulate exocytosis of HNE from neutrophils."* Very 
little is known about the contact system enzymes during 
CCB, and further investigation is needed. 

In this study we have observed increased plasma levels of 
BTG in both SECC (Fig 3) and CCB (Fig 1). Platelet- 
specific proteins such as 8TG or platelet-derived growth 
factor may serve as potential neutrophil agonists. Recent 
studies indicate that other platelet-specific a-granule pro- 
teins, platelet Factor 4°' and platelet-derived growth factor 
induce neutrophil chemotaxis.” In addition, the formation of 
leukotrienes, potent autacoids for neutrophils, may also play 
a role in this activation process. Any or all of the aforemen- 
tioned neutrophil agonists could singularly or in concert at 
lower concentrations be responsible for the observed neutro- 
phil activation and subsequent degranulation that we have 
documented to occur during both SECC and CCB. Identifi- 
cation of the responsible humoral substances would allow for 
rational and specific intervention during CCB to prevent 
neutrophil alterations and their potential deleterious conse- 
quences during CCB. 
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CONCISE REPORT 


Immunogenic Nature of a Pol Gene Product of HTLV-HI/ LAV 


By J.S. Allan, J.E. Coligan, T-H. Lee, F. Barin, P.J. Kanki, S. M’Boup, M.F. McLane, J.E. Groopman, and M. Essex 


The present studies were initiated to define the coding 
region of a 34 kilodalton (kd) protein (p34) frequently 
observed with antibodies from HTLV-IH/LAV-infected 
people by immunoblotting and radioimmunoprecipitation 
(RIP) techniques. We have directly mapped this viral pro- 
tein to the po/ gene of HTLV-Ill/LAV by radiolabeled amino 
acid sequence analysis. This region at the 3’ end of the pol 
gene is predicted to encode the endonuclease /integrase of 
the virus. The seroprevalence rate of antibodies to the po/ 
gene products p64 and p53 and to the endonuclease p34 
were evaluated. Of 161 HTLV-II/LAV seropositive people 
tested by immunoblotting procedures, greater than 98% 
had antibodies which reacted to p64/p53 and 92.6% 


rRFCHE RETROVIRUS responsible for the acquired 
immune deficiency syndrome (AIDS) termed HTLV- 
IH/LAV or ARV contains an array of potential genes in 
addition to the classical gag, pol, and env genes of most 
retroviruses.’ Since the virus was first isolated much effort 
has focused on the identification of these viral proteins. Of 
particular interest has been the observation of variations in 
serologic profiles of infected people and potential use of these 
patterns as indicators of disease progression. Previous studies 
have shown that the env-encoded proteins gp160 and gp120 
are the most immunogenic proteins irrespective of disease 
state, whereas the prevalence of antibodies to p24, the major 
core antigen, decline with disease.** As the gene products are 
identified more information has accumulated as to these 
serologic variations. Previous studies have identified two 
proteins, p64 and p53, as encoded by the reverse tran- 
scriptase region of the pol gene of HTLV-III/LAV.’ In 
addition, indirect evidence has suggested that a 31- to 34-kd 
protein was encoded by the 3’ end of pol using bacterially 
expressed products in a competition immunoblot assay.’ 
Recently a closely related simian retrovirus was isolated 
from healthy African green monkeys and termed STLV- 
{11.!° This virus shares many characteristics with HTLV- 
MHI/LAV including cell tropism, ultrastructural morphology, 
and similar protein characteristics. A new human T-lympho- 
tropic virus infecting healthy persons in West Africa shows 
many of the same characteristics as STLV-HH and is indis- 
tinguishable serologically.'''? This virus has been named 
HTLV-IV and immunological cross-reactivity with HTLV- 
Ill/LAV has been shown by immunoblotting and radioim- 
munoprecipitation (RIP) procedures. This has important 
implications as new diagnostic screening procedures are 
developed to accurately detect infection by HTLV-HII/LAV 
or a related virus such as HTLV-IV. Here we report the 
identification of the putative endonuclease/integrase of 
HTLV-HI/LAV, p34, assess the immunogenicity of this 
viral protein in infected people, and finally show that this 
protein contains conserved antigenic determinants between 
HTLV-HI/LAV and HTLV-IV. 


MATERIALS AND METHODS 


The HTLV-HIB/MOLT-3 cell line was used for antigen prepara- 
tions (gift from Dr Robert Gallo). Immunoblotting procedures and 
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reacted to p34 indicating that these viral proteins are 
highly immunogenic in nature. We have also analyzed the 
serum of nine healthy people living in West Africa who 
were infected with HTLV-IV, a closely related retrovirus. 
Nine of nine seropositive people had antibodies that cross- 
reacted to p34 of HTLV-III/LAV, whereas only seven of 
nine reacted to p64/p53. These studies and our earlier 
observations indicate that current diagnostic procedures 
for screening for HTLV-IH/ LAV infection may also detect 
HTLV-IV seropositive individuals, pointing to a need for 
more specific assay systems. 
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methods for virus purification were carried out as previously 
described.'’ Radioimmunoprecipitation and sodium dodecyl sulfate 
polyacrylamide gel electrophoresis (RIP, SDS-PAGE) were carried 
out as described.” Cells were radiolabeled with [35-S] cysteine, 
{35-S] methionine, or [3-H] amino acids in appropriate labeling 
media for eight hours. The solubilized viral antigens were immuno- 
precipitated, the precipitates were washed, and resulting protein was 
electrophoresed on 12.5% SDS gels. Techniques for radiolabeled 
amino-terminal amino acid sequencing were performed as 
described. Radiolabeled viral antigens were immunoprecipitated, 
separated on SDS gels, electroeluted, dialyzed, and subjected to 
Edman degradation. 


RESULTS 


An example of the serum profiles obtained by immuno- 
blotting procedures is shown in Fig 1A. Represented is a 
healthy laboratory HTLV-IH/LAV seronegative person 
(lane |), two healthy homosexual seronegatives (lanes 2 and 
3), three healthy HTLV-IIL/LAV seropositives (lanes 4 
through 6), three AIDS-related complex (ARC) patients 
(lanes 7 through 9), and three AIDS patients (lanes 10 
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Reactivity of antibodies to HTLV-III/LAV specific p34. (A) Western blotting of HTLV-III/LAV antigens. The antigens from 


SDS-polyacrylamide gels were blotted onto nitrocellulose sheets and test strips reacted with a 1:100 dilution of serum from the following: 
A laboratory worker (lane 1); healthy homosexual males (lanes 2 through 6); ARC patients (lanes 7 through 9); AIDS patients (lanes 10 
through 12); and HTLV-IV-infected healthy West Africans (lanes 13 through 15). (B) Radioimmunoprecipitation (RIP) of [35-S] cysteine- 
and [35-S] methionine—labeled virus. The antigens were solubilized and immunoprecipitated with the following: A laboratory worker (lane 
1), and eight HTLV-III/LAV seropositive individuals (lanes 2 through 9). 


through 12). Serum from all seropositive individuals recog- 
nize a 34-kd protein (p34). A comparison with RIP/SDS- 
PAGE is shown in Fig 1B. In every seropositive case shown, a 
p34 species was observed using this procedure. 

To ascertain whether this protein was encoded by the 
genome of HTLV-III/LAV, radiolabeled sequence analysis 
was performed. p34 was individually radiolabeled with [3-H] 
phenylalanine, isoleucine, and lysine, isolated by SDS- 
PAGE, and subjected to amino-terminal amino acid 
sequencing. The results are shown in Fig 2. Phenylalanine 
peaks were observed as positions | and 26, lysine peaks were 
seen at 7 and 14, and an isoleucine peak was seen at position 
5 of the p34 sequence. Analvsis of the predicted amino acid 
sequence from the pol gene region indicates that p34 maps to 
the 3’ end of this gene and begins at nucleotide sequence 4263 
of the HTLV-III/LAV genome as published by Ratner et 
al.' The predicted amino acid sequence is shown in Fig 2B. 
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The probability of a protein with a random amino acid 
sequence having lysines, phenylalanines, and an isoleucine in 
these positions is less than 5.5 x 10°. 

We analyzed 205 serum samples from people at high risk 
for infection and those with evidence of HTLV-III/LAV- 
related disease for the seroprevalence of p34 (Table 1). Of 
these samoles, 161 were positive for antibodies to HTLV- 
IH/LAV proteins by immunoblotting. Overall, 92.6% of 
seropositives had antibodies to p34, whereas the seropreva- 
lence ratio to p64/p53 was greater than 98%, higher than 
any other category of protein including the emv-encoded 
gp41. It should be noted, however, that all seropositives 
detected gp120 and gp160 by RIP/SDS-PAGE procedures. 
Prevalence of antibodies to reverse transcriptase p64/p53 is 
high irrespective of disease state, but the prevalence to p34 
drops slightly in the AIDS category. Additionally, we exam- 
ined nine representative serum samples from HTLV-IV- 


Fig 2. (A) Amino acid sequence analysis of the 

amino-terminus of p34. The protein was labeled with 

[3-H] phenylalanine, isoleucine, or lysine and sub- 

jected to Edman degradation; radioactivity is shown 

for each degradation cycle. (B) Alignment of the 

amino acid sequence of p34 to the predicted amino 

acid sequence from the 3° end of pol.' Asterisks 

represent radiolabeled amino acids and their positions 

B from the amino-terminus of p34. The numbers refer to 

757 the amino acid position relative to the first sequence 
of the pol open reading frame. 


ANTIBODIES TO Pol GENE PROTEIN OF HTLV-3 


Table 1. Prevalence of Antibodies to HTLV-IH/LAV Viral Proteins 
by Disease State as Detected by Western Blotting 


Category gp41 p64 p53 p34 p24 
Healthy 37(90.2)} 41(100) 40(97.5) 39(95. 1} 411100} 
ARC 67(100} 67(100) 67(100} 66(98.5) 64(95.5) 
AIDS §3(100) §2(98.1) §2(98. 1) 44{83.0) 50(94.3) 
TOTAL 157(97.5) 160(99.4) 159(98.7) 149192.6)  155{96.8) 


Samples were selected at random from stored sera collected from area hospitais 
and clinics. Disease states. were defined using COC criteria. The numbers in 
parentheses reflect percentage positive based on the highest value for a given 
protein in that disease category. Forty additional sampies were tested from healthy 
and ARC categories and were negative for antibodies to the above proteins. Total 
number of seropositives was 161 and was used as the denominator for percentage 
determinations. 


infected people for antibodies to the pol gene products of 
HTLV-IH/LAV. Three serum profiles are illustrated in Fig 
LA, lanes 13 through 15. In addition to reactivity to the 
gag-related antigen p24 of HTLV-III/LAY, all nine samples 
recognized the p34 protein whereas only seven of nine 
detected p64. 


DISCUSSION 


As each new viral protein has been identified and its 
seroprevalence assessed, a better understanding of the 
humoral response to infection unfolds. The gene products can 
then be evaluated on the basis of their relative antigenicity. 
The present results indicate that the po/ gene products which 
include the previously identified p64/p53 and the above- 
discussed endonuclease p34 are highly immunogenic in 
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HTLV-III/LAV-—infected people. The most immunogenic 
proteins are the env-encoded glycoproteins gp160 and gp1 20, 
followed by pol-encoded p64/p53, env-encoded gp41, gag- 
encoded p24, and po/-derived p34. The relationship between 
serologic profiles and disease state has received much atten- 
tion from investigators in hopes of finding key serologic 
markers indicative of clinical progression of disease. Unfor- 
tunately, no clear pattern has emerged although relative 
decreases in seroprevalence of p24, p17, and p34 have been 
observed in AIDS patients. 

Perhaps the most intriguing aspect of the antigenic nature 
of these viral proteins relates to the high degree of immuno- 
logic cross-reactivity between HTLV-IH/LAV and HTLV- 
IV. The significance of these findings is obvious when the 
design of second-generation screening assays is devised for 
detecting antibodies to HTLV-HI/LAV. As previously 
reported, many HTLV-IV—infected people test positive by 
enzyme-linked immunosorbent assay (ELISA) to HTLV- 
H1/LAV." The exact nature of this ELISA cross-reactivity 
is unknown although limited cross-reactivity exists between 
enyv-encoded proteins for these viruses as well as the gag- and 
pol-derived proteins. Detailed analysis of cross-reactive epi- 
topes is necessary, therefore, to devise assays that would 
include or exclude conserved epitopes. In the former case, 
inclusion of conserved epitopes would be helpful for screen- 
ing for HTLV-III/LAV and related viruses in blood banking 
Situations. In the latter case, nonconserved epitopes in an 
assay system would be preferred for delineating between 
HTLV-HI/LAV and HTLV-IV exposure, which may then 
have clinical relevance. 
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CONCISE REPORT 


A Role for Guanine Ribonucleotides in the Regulation 
of Myeloid Cell Maturation 


By Daniel G. Wright 


We have shown previously that induced maturation of the 
human myeloid leukemia cell line, HL-60, is associated with 
a selective down-regulation of guanine ribonucleotide syn- 
thesis and depletion of intracellular guanosine triphos- 
phate (GTP) and guanosine diphosphate (GDP) pools. We 
showed, furthermore, that inhibitors of the enzyme, ino- 
sine monophosphate (IMP) dehydrogenase, which cata- 
lyzes the initial rate-limiting step of guanylate synthesis 
from the central intermediate IMP, are potent inducers of 
myeloid maturation in these cells. We now show that 
induced maturation of HL-60 cells is prevented or impaired 
if intracellular concentrations of guanine ribonucleotides 


NUMBER OF HUMAN myeloid leukemia cell lines 

have been established which not only can be main- 
tained as immature blast cells in continuous, self-renewing 
culture but can also be induced to undergo maturation in 
vitro.’ These cell lines have attracted considerable interest, 
for they provide experimentally accessible model systems 
with which to define basic mechanisms involved in the 
regulation of myeloid progenitor cell proliferation and differ- 
entiation. We used the HL-60 cell line, originally isolated 
from a patient with promyelocytic leukemia,’* to define a 
role for intracellular guanine ribonucleotides in the regula- 
tion of myeloid cell maturation. As we reported previously, 
HL-60 maturation induced by cis-retinoic acid or dimethyl- 
formamide is associated with a depletion of intracellular 
guanosine triphosphate (GTP) and guanosine diphosphate 
(GDP), whereas adenylate pools remain relatively intact. 
This selective depletion of guanylates occurs in part because 
guanylate synthesis from the central intermediate, inosine 
monophosphate (IMP), is down-regulated during induced 
maturation at the rate-limiting step catalyzed by IMP 
dehydrogenase (IMPD).*’ We also observed that specific 
inhibitors of IMPD [eg tiazofurin (RTC) or mycophenolic 
acid] are themselves potent inducers of HL-60 maturation.”* 
To explore further the apparent relationships between intra- 
cellular supplies of guanine ribonucleotides and myeloid 
maturation, we examined the possibility that induced matu- 
ration of HL-60 cells might be prevented or impaired if 
intracellular concentrations of guanine ribonucleotides are 
maintained at high levels. 
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are maintzined at high levels. HL-60 cells can utilize exoge- 
nous guanine and guanosine to maintain GTP and GDP 
pools through a salvage pathway that bypasses guanylate 
synthesis from IMP. Moreover, incubation of HL-60 cells 
with guanosine or guanine (10°° to 10°* mol/L) prevents 
both the depletion of intracellular guanine ribonucleotides 
and the induction of myeloid maturation caused by the IMP 
dehydrogenase inhibitor, tiazofurin. These findings provide 
strong additional support for the concept that terminal 
myeloid differentiation is influenced by a guanine ribonu- 
cleotide-dependent regulatory system. 

& 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 


Maintencnce and induced maturation of myeloid leukemia 
cells. Cryepreserved, early passage HL-60 cells were obtained 
from the American Type Culture Collection (Rockville, MD). The 
cells were maintained by passage into fresh serum-free medium? 
every 3 to å days. Cells were studied at maintenance passages 20 
through 40. All cell incubations were in 75-cm’ tissue culture flasks 
at 37 °C with 7.5% CO, and 100% humidity. Cell counts in culture 
specimens were determined by hemocytometer chamber counting, 
and cell viability was assessed by 0.1% trypan blue exclusion. 

Cells in log-phase growth (2 to 3 days following media change) 
were induced to mature by inoculation at 3 x 10° cells/mL into 
fresh serum-free media supplemented with inducing compounds: 
2-9-p-ribofuranosylthiazole-4-carboxamide (RTC or tiazofurin, 
obtained from the Drug Synthesis and Chemistry Branch, DCT, 
NCI, National Institutes of Health, Bethesda, MD), 1.0 wmol/L; 
retinoic acic (Sigma Chemical, St Louis), 1.0 umol/L; or dimethyl- 
formamide (Eastman Kodak Co, Rochester, NY), 60 mmol/L., 
Induced maturation of the cells was assessed by methods described 
previously for determining NBT reduction** and reactivity to the 
monoclonal antibody OK-M1 (Ortho Diagnostics, Raritan, NJ) as 
detected with FACS analysis.’ For certain studies, cells were 
exposed to inducing agents in incubation media supplemented with 
guanosine cr guanine (Sigma). Guanosine and guanine were dis- 
solved in sterile dH,O to prepare stock solutions (10°? mol/L), 
which were then further diluted in culture media to achieve final 
concentraticns of 10°’ to 10°* mol/L. Guanosine was readily 
soluble, whereas guanine at 10°? mol/L required alkalinization with 
10 mol/L KOH, 8 uL/mL dH,0, to dissolve. 

Measurement of intracellular purine ribonucleotide concentra- 
tions. Purine ribonucleotide concentrations in perchlorate (PCA) 
extracts of 2 x 10’ cell pellets were analyzed by reverse-phase 
high-pressure liquid chromatography (HPLC) using an anion- 
exchange, microparticulate column (Partisil-10 SAX, Whatman, 
Clifton, NJ) as described previously.” Values for ATP and GTP 
concentraticns (nmoles/10’ cells) were derived from chromato- 
graphic peaxs detected by ultraviolet (UV) absorbance at 254 nm 
which were related to standards chromatographed at known concen- 
trations. The use of exogenous hypoxanthine, guanine, and guano- 
sine for synthesis of ribonucleotides was assessed by incubating cells 
with [8-“C] hypoxanthine (49.0 mCi/mmol; 1.0 wCi/mL), [8-"C] 
guanosine (510.4 mCi/mmol; 1.0 wCi/mL)}, or [8-“C] guanine 
(55.5 mCi/mmol; 10.0 wCi/mL) (New England Nuclear, Boston) 
followed by PCA extraction of cell pellets and analysis by HPLC 
with simultaneous measurement of UV absorbance and radioactivity 
in eluants.’ Specific incorporation of radiolabel into ribonucleotides 
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Tabie 1. Utilization of Hypoxanthine, Guanine, and Guanosine for the Synthesis of ATP and GTP by HL-60 Calis 
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*C-Hypoxanthine *C-.Guanine *C-Guanosine 
incubation Conditions ATP GTP ATP GTP ATP GTP 

Control 

Nmoles/ 10’ cells 51.8 10.9 56.0 13.3 50.7 13.9 

Incorporation of radiolabel* 54 70 26 299 33 188 
RTC (10°* mol/L): 

Nmoles/ 10’ cells 50.7 4.9 52.4 5.4 47.7 5,1 

incorporation of radiolabel* 47 2 20 992 28 653 


neagra 


HL-60 cells were cultured with or without 2-8-D-ribofuranosylthiazole-4-carboxamide (RTC} for 24 hours in serum-free media as previously 
described”; [8-'*C] hypoxanthine (49.0 mCi/mmol; 0.2 uCi/ 10” celis), [8-"*C] guanosine (510.4 mCi/mmol; 0.5 #Ci/ 107 cells), or [8-"*C] guanine {1.0 
uCi/10’ celis; 55.5 mCi/mmol) were added to cell cultures and, after an additional 4 hours, ribonucleotides were extracted from cell pellets with 
perchlorate and analyzed by high-pressure liquid chromatography (HPLC).° Results are representative of three separate studies; data are means of 
duplicate measurements, which in all cases varied from the mean by < 10%. 

“Incorporation of radiolabel = radioactivity (dpm x 10°*}/nmole of nucleotide detected in ATP and GTP peaks. 
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was expressed as radioactivity (dpm x 10°*)/nanomole which was 
calculated by dividing the total dpm (x 107°) detected in a nucleo- 
tide peak by the amount of nucleotide (in nmoles) measured in that 

peak. A 


RESULTS 


HL-60 cells, cultured in a completely defined, serum-free 
medium, actively salvaged hypoxanthine to generate purine 
ribonucleotides.’ As shown in Table 1, HL-60 cells could also 
be shown to utilize exogenous guanosine and guanine for 
ribonucleotide synthesis. Moreover, when these cells were 
incubated with the IMPD inhibitor tiazofurin (RTC), 
10°*mol/L, the relative utilization of radiolabeled guanosine 
or guanine for GTP synthesis was increased, whereas utiliza- 
tion of hypoxanthine for guanylate synthesis, which proceeds 
through IMP, was almost completely blocked, reflecting 
IMPD inhibition (Table 1). 

As shown in Fig 1, incubation of HL-60 cells with RTC 0 
(10°°mol/L) resulted in a substantial decrease in intracellu- 
lar GTP concentrations along with a rise in the ratio of 
ATP:GTP, reflecting the relatively selective blockade of 
guanylate synthesis from IMP caused by this agent.™® How- 
ever, the addition of guanosine or guanine (10°° to 1074 
mol/L) to the culture medium prevented GTP depletion as 
well as the increased ATP:GTP ratio caused by RTC under 
control conditions. Moreover, guanosine and guanine in a 
similar dose-responsive manner also prevented the induction 
of myeloid maturation and the decline in cellular prolifera- 
tion observed in control cell cultures treated with RTC alone 
(Fig 2). For the studies shown in Fig 2, NADPH oxidase 
activity, measured as phorbol diester-stimulated NBT reduc- 
tion, was used as the marker of induced myeloid maturation. 
Very similar results were obtained, however, when acquisi- 
tion of the OK-MI antigen, measured by FACS analysis,’ 
was used to assess induced maturation. 

Exogenous guanosine and guanine did not impair the Control RTE Ge ioe TN oe eee 
activity of RTC as an IMPD inhibitor. Indeed, the almost (108 My L Guanosine j Lo Guanine | 
complete blockade of hypoxanthine utilization for guanylate | with RTC i IOE M y 
synthesis caused by RTC (Table 1) was even more evident 


when HL-60 cells were incubated with 1074 mol/L of Fig 1. dade bes i the tiazofurin [2-8-o-ribofuranosyithiazole- 

} . Í carboxamide (RTC)|-induced depletion of GTP (A) and increased 
PUA NOSINE uF PHATE: Sas ; ; , ratio of ATP:GTP {B} in HL-60 celis when incubation media was 
Although IMPD inhibition and guanine ribonucleotide supplemented with guanosine or guanine (10°* to 10°* mol/L). 


depletion occur rapidly in cells incubated with RTC (within Data are mean values from six replicate studies + SEM. 
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INTRACELLULAR CONCENTRATION OF GTP 
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4-carboxamide {(RTC)}-induced inhibition of cellular proliferation 
(A) and myeloid maturation (B) of HL-60 cells when incubation 
media was supplemented with guanosine or guanine (10°° to 10°* 
mol/L}. Data are mean values from six replicate studies + SEM. 


6 hours),’ the induction of maturation was found to be 
largely prevented (by >85%) if guanosine (10°* mol/L) was 
added to the culture medium within 24 hours after incuba- 
tion of cells with RTC had been started. This effect was 
progressively diminished if guanosine was added after 24 
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hours, however, and was inapparent following a delay of 72 
hours. 

Exogenous guanosine (10°* mol/L) was also found to 
reverse the depletion of GTP pools in HL-60 cells incubated 
with retinoic acid (RA) or dimethylformamide (DMP) (Ta- 
ble 2). They also partially reversed the decline in cellular 
proliferation and the induction of myeloid maturation caused 
by these agents; however, these effects were not as complete 
as in HL-60 cells induced with RTC. In contrast to guano- 
sine and guanine, exogenous inosine, adenosine, and hypo- 
xanthine (10°* mol/L) did not reverse the depletion of 
intracellular GTP or the induction of myeloid maturation 
observed in HL-60 cells incubated with RTC, RA, or DMF. 
This result is consistent with a blockade in the synthesis of 
guanylates from IMP that we have shown to occur in HL-60 
cells induced to mature by RTC, RA or DMF.’ The 
utilization of inosine, adenosine, and hypoxanthine for 
guanylate synthesis involves overlapping salvage pathways, 
each of which ultimately proceeds through IMP, whereas the 
utilization of guanosine and guanine to form guanine ribonu- 
cleotides involves the direct salvage of guanine to GMP, 
bypassing the synthetic pathway from IMP. 


DISCUSSION 


Our previously reported observation that IMP dehydro- 
genase inhibitors are potent inducers of HL-60 cell matura- 
tion suggested that a guanine ribonucleotide-dependent sys- 
tem is involved in the regulation of induced myeloid cell 
maturation, since this enzyme is normally rate-limiting for 
the production of guanylates in cells. Our present studies, 
which show that the maturation-inducing effects of selective 
IMPD inhibition can be completely blocked if intracellular 
supplies of guanine ribonucleotides are maintained at high 
levels, provide strong additional support for this idea. 

Both exogenous guanosine and guanine were effective in 
preventing guanine ribonucleotide depletion in cells treated 
with the IMP dehydrogenase inhibitor, tiazofurin (RTC). 
Because human cells have been found to lack guanosine 
kinase activity by which guanosine might be converted 
directly to GMP, it is presumed that guanosine is first 
metabolized to guanine by nucleoside phosphorylase and 
then salvaged directly through a guanine phosphoribosyl 
transferase-mediated step to form GMP. Thus, both guano- 


Table 2. Effects of Exogenous Guanosine and Guanine on HL-60 Cells Exposed to Retinoic Acid and Dimethylformamide 





Myeloid Maturation (NBT 
Reduction AOD, ,.) 


Callular Proliferation (Percentage of Increase in 
Cell Concentration by 4 Days) 





incubation intracellular (GTP} 

Conditions {nmoles/ 10’ Calis) 
Control 13.32 0,9 
RA (10° mol/L) 7.0 + 0.5 
+ Guanosine (10 * mol/L) 11.6 + 1.5 
+ Guanine (1074 mol/L) 10.5 + 2.0 
DMF (60 mmol/L) 5.2 + 0.7 
+ Guanosine (1074 mol/L) 8.5 + 1.5 
+ Guanine (107* mol/L) 8.5+0.8 


157 > 13 1844 
50 + 3 196 + 12 
100 + 30 110 + 12 
87 +7 122 + 14 
83 + 13 107 + 17 
150 + 30 55 +6 
133 + 17 65 +8 
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HL-60 cells were cultured with and without retinoic acid {RA} or dimethylformamide (DMF), with and without guanosine or guanine for 4 days in 
serum-free media. Measurements of cellular proliferation represent percentages of increase in cell concentrations during 4-days culture from an initial 
seeding concentration of 3 x 10°/mL (percentage of increase = absolute increase in cell concentration (x 10°/mL} by 4 days/3.0 x 100). 
Measurements of myeloid maturation represent NBT-reduced per 10° cells during 30-minute incubation with 100 ng/mL. of phorbol myristate acetate.*? 
Results are mean values + SEM from four replicate studies. 
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sine and guanine are available as precursors for guanine 
ribonucleotide synthesis by a final salvage reaction that 
bypasses the prinicipal synthetic pathways which proceed by 
IMP. Both guanosine and guanine were examined because of 
the possibility that they might not be equally accessible for 
entry into the cells; however, both were similarly effective at 
comparable concentrations in preventing GTP depletion in 
induced cells and in preventing induced maturation. 

These studies are the first to define a relationship between 
intracellular guanine ribonucleotide concentrations and cel- 
lular maturation in a eukaryotic cell. Such a relationship has 
been described previously in prokaryotes, however. Guanine 
nucleotide deprivation induces sporulation of Bacillus sub- 
tilis and Sacharomyces cerevisiae in a manner analogous to 
the induced maturation of HL-60 cells. Not only do inhibi- 
tors of guanylate synthesis (including IMPD inhibitors) 
trigger the sporulation of these microorganisms, but exoge- 
nous guanine, sufficient to protect intracellular guanine 
ribonucleotide pools, prevents sporulation.'*'' The guanine 
ribonucleotide-dependent system involved in controlling 
sporulation has not been defined; however, it has been 
suggested that a GTP-dependent repressor protein may be 
associated with controlling regions of DNA that directly 
regulate gene expression relevant to microbial sporulation.” 

It is similarly tempting to speculate that guanylate deple- 
tion and repletion may influence myeloid maturation in 
HL-60 cells by affecting the activity of a GTP-binding 
regulatory protein or proteins. Guanine nucleotide binding 
proteins are known to regulate a variety of critical cellular 
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activities, including the ribosomal assembly of polypeptides 
and receptor mediated responses to extracellular stimuli, >" 
The involvement of such GTP-binding proteins in the regula- 
tion of hormone-sensitive adenylate cyclase has been particu- 
larly well defined,'*'* and it is of interest with regard to our 
current studies that the same experimental maneuvers, 
which we find to affect both intracellular guanine ribonu- 
cleotide concentrations and the induction of myeloid matura- 
tion in HL-60 cells, have been shown to affect the activation 
of adenylate cyclase in intact rat kidney cells by isoprotere- 
nol.’* Hence, it is not unreasonable to suggest that depletion 
and repletion of intracellular guanine ribonucleotides in 
HL-60 cells may affect the function of a guanine nucleotide 
binding protein or proteins involved in regulating the respon- 
siveness of the cells to hormonal signals. Basic mechanisms 
underlying the neoplastic transformation of HL-60 cells have 
not yet been defined; however, these mechanisms may 
involve an autocrine growth hormone or amplified responses 
by the cells to growth hormones. In either case, IMPD 
inhibition and guanine ribonucleotide depletion may inter- 
fere with the cells’ ability to respond to proliferative signals 
by affecting a “G-protein’’-regulated transduction pathway 
for such signals, thereby triggering cellular maturation as a 
permissive event. 
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A Monoclonal Antibody to the Membrane Glycoprotein Complex CD18 Inhibits 
Polymorphonuclear Leukocyte Accumulation and Plasma Leakage In Vivo 


By Karl-E. Arfors, Claes Lundberg, Lennart Lindbom, Kerstin Lundberg, Patrick G. Beatty, and John M, Harlan 


Previous in vitro findings suggest a critical role for the 
polymorphonuclear leukocyte (PMN) membrane glycopro- 
tein complex CD18 in PMN adherence and chemotaxis. We 
examined the effect of the murine monocional antibody 
(MoAb) 60.3, recognizing CD18, on induced PMN accumu- 
lation in vivo. Rabbits were pretreated with MoAb 60.3, 
and the chemotactic factors fMLP, leukotriene (LT)B,, and 
C5a, as well as histamine, were injected intradermally; 4 
hours later, plasma leakage ('**l-albumin) and the PMN 
accumulation (myeloperoxidase) were determined. Both 
PMN accumulation and PMN-dependent plasma leakage 
were abolished in the inflammatory skin lesions of rabbits 


HE MEMBRANE glycoprotein complex designated 
CD18 (LFA-1/Mac-1)' is critical for the in vitro 
adherence of stimulated polymorphonuclear leukocytes 
(PMNs) to endothelial cells.” CD18-deficient patients have 
recurrent infections without pus formation. It has been 
postulated that the absence of the membrane-associated 
glycoprotein(s) in these patients prevents adherence of 
PMNs to the endothelium following activation of the former 
cell and accounts for the failure of their PMNs to migrate to 
an inflammatory locus.*? The CDw18 membrane glycopro- 
tein is recognized by the murine monoclonal antibody 
(MoAb) 60.3.4 Addition of MoAb 60.3 to normal PMNs 
induces in vitro defects in PMN spreading, adherence, and 
chemotaxis similar to those observed in the patients.” 

The present study was undertaken to investigate whether 
MoAb 60.3 also would reduce PMN accumulation in vivo, 
using rabbit inflammatory skin lesions and the rabbit tenuts- 
simus muscle prepared for intravital microscopy. The rabbit 
was selected for these studies because the antigen recognized 
by MoAb 60.3 was present in high density on rabbit periph- 
eral blood PMNs when analyzed by FACS and because 
MoAb 60.3 inhibited stimulated rabbit PMN adherence to 
cultured endothelial cells (J. Harlan, unpublished observa- 
tions, 1986). 
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pretreated with MoAb 60.3 as compared with control 
animals, whereas histamine-induced PMN-independent 
plasma leakage was unaffected. intravital microscopy of 
the rabbit tenuissimus muscle revealed that MoAb 60.3 
inhibited both PMN adherence in the venules and migration 
into the tissue following application of LTB, and zymosan- 
activated serum (ZAS). Rolling of PMNs along the venular 
endothelium was unaffected. Thus, these experiments 
confirm and extend earlier in vitro findings of the critical 
role of the membrane glycoprotein complex, CD18, in PMN 
adherence and chemotaxis. 

¢ 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 


Inflammatory skin lesions. Male New Zealand White rabbits, 
weighing between 1.2 and 1,5 kg, their backs preshaved 12 hours 
prior to the experiment, were used. The animals were anesthetized 
with diazepam 5 mg/kg intramuscularly (1M) and thereafter with 
10 to 20 mg/kg intravenously (IY) methohexital sodium. The 
rabbits were either treated with 500#l/kg of saline IV control 
(n = 6) or 2 mg/kg of MoAb 60.3 IY (n = 6). Ten minutes later, 10 
uCi of I-labeled human serum albumin was given IV as a plasma 
tracer, and 100 uL of saline, fMLF (107% mol/L), porcine C5a 
(2.8 x 10°’ mol/L and 2.8 x 10°* mol/L} and histamine (8 x 10™ 
mol/L) were randomly injected intradermally in duplicate sites in 
the dorsal region of the animals. Four hours later, the rabbits were 
reanesthetized, a blood sample was drawn, the rabbits were killed by 
an overdose of anesthesia, and the skin lesions were carefully 
removed and dissected free of fat and muscle tissue. After radioac- 
tivity measurements of tissue and plasma samples were made, the 
skin lesions were ground in 0.5% hexadecyltrimethylammonium 
bromide, freeze-thawed three times, and the myeloperoxidase 
(MPO) activity was measured in the supernatants. The MPO 
content of the skin lesions is expressed in units of MPO for each 
gram of wet weight and albumin extravasation as microliters of 
plasma exuded for each gram of wet weight.® 

Intravital microscopy. Direct observation of PMN adherence to 
the microvascular endothelium was performed using the rabbit 
tenuissimus muscle prepared for intravital microscopy.’* The ani- 
mals were anesthetized with diazepam (5 mg/kg, IM} and thereaf- 
ter with 20% urethane (1.5 g/kg, IV). LTB, (final concentration 
10° mol/L) and zymosan-activated rabbit serum (ZAS; diluted 
1:20) were applied topically to the muscle for a period of 20 minutes. 
Complement activation following a zymosan concentration of 20 
mg/mL. of serum, as used here, results in ~3 ug of CSagaa../mL 
serum.” 

Statistics. Wilcoxon signed-rank test was used for calculating P 
values. A F value <.05 was considered significant and is denoted in 
Figs | and 2 with an asterisk. Data are given as mean + SEM. 


RESULTS 


MPO has previously been shown to be a useful and reliable 
marker enzyme for PMN accumulation in vivo, and was 
therefore used to assess PMN accumulation in the inflam- 
matory skin lesions in this study. As shown in Fig 1, in the 
control animals the chemotactic agents ((MLF, LTB,, and 
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Fig 1. PMN accumulation, as measured by myeloperoxidase, 
in inflammatory skin lesions from the dorsal region of the rabbit. 
The animals were pretreated with either saline (control) or MoAb 
60.3 (2 mg/kg) intravenously 10 minutes prior to the experiment. 
Values represent mean + SEM of six experiments. Asterisks 
indicate a significant difference as compared with saline-injected 
skin sites. 


C5a) caused a marked local PMN accumulation in the skin 
lesions as compared with the saline-injected skin lesion. On a 
molar basis, porcine C5a was found to be a more potent 
chemotactic agent than both fMLF and LTB,, although all 
three agents caused a significant increase in PMN accumu- 
lation over saline-injected skin sites in control animals. 
Moreover, histamine caused a small but significant increase 
in tissue MPO content. In rabbits pretreated with MoAb 
60.3, however, PMN accumulation was completely absent 
and comparable to the saline lesions as well as intact 
uninjected skin. Extravasation of PMNs at chemotaxin- 
injected sites is followed by plasma leakage.'*'? Plasma 
leakage in the skin lesions is shown in Fig 2. All the 
chemotactic agents ((MLF, LTB, and CS5a), as well as 
histamine, caused a significant increase in albumin extravas- 
ation as compared with the saline-injected site in the control 
animals. In MoAb 60.3-treated animals, no increase in 
plasma leakage could be observed for the chemotactic 
agents, whereas histamine still caused a significant plasma 
leakage in these rabbits. 

In three experiments, the Fe-portion of MoAb 60.3 was 
removed by pepsin cleavage and the F(ab’), portion was used. 
These fragments inhibited PMN accumulation and PMN- 
dependent plasma leakage to the same extent as the whole 
IgG molecule (data not shown). 

Direct observation of the tenuissimus muscle after topical 
application of LTB, or ZAS in control animals induced 
vigorous PMN adherence to the endothelium of the post- 
capillary venules and subsequent extravasation into the 
interstitial space. This is shown for ZAS application in Fig 
3A and B. In contrast, PMN adherence and extravasation 
was not observed following LTB, or ZAS application in 
MoAb 60.3-treated rabbits. Figure 3C and D show a post- 
capillary venule in the tenuissimus muscle of a MoAb 
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Fig 2. Plasma leakage, as measured by -buman serum 


albumin extravasation in inflammatory skin lesions from the dorsal 
region of the rabbit. The animals were pretreated with either 
saline (control) or MoAb 60.3 (2 mg/kg) intravenously 10 minutes 
prior to the experiment. Values represent mean + SEM of six 
experiments. Asterisks indicate a significant differance as com- 
pared with saline-injected skin. Shaded area represents normal 
skin plasma volume. 


60.3-treated rabbit before and after ZAS application. Roll- 
ing of the leukocytes along the venular endothelium was not 
reduced by MoAb 60.3, but rather was slightly enhanced in 
these animals. The striking inhibition of PMN adherence 
and extravasation by MoAb 60.3 lasted throughout the 
experiment, ie, for up to 5 hours. 


DISCUSSION 


We demonstrated that MoAb 60.3 prevents PMN accu- 
mulation in vivo, using two different in vivo models in the 
rabbit; the inhibition of PMN accumulation by MoAb 60.3 is 
in accordance with, and extends, earlier in vitro findings in 
which MoAb 60.3 inhibited adherence of stimulated human 
PMNs to human endothelial cell monolayers, Intravital 
microscopy demonstrated PMN sticking to the postcapillary 
venular wall, and subsequent extravasation was completely 
absent in animals pretreated with MoAb 60.3, supporting the 
results obtained from the inflammatory skin lesions. That 
rolling of leukocytes along the venular endothelium was not 
affected by MoAb 60.3 suggests a different adherence 
mechanism for the rolling and sticking of leukocytes, or, 
alternatively, the involvement of two different cell popula- 
tions. 

Previous in vitro studies demonstrated that by preventing 
close approximation of the neutrophil and the endothelial 
cells, MoAb 60.3 reduced PMN-mediated endothelial 
injury." Inhibition of PMN adherence and/or extravasation 
by MoAb 60.3 also abolished PMN-dependent plasma leak- 





age, whereas the PMN-independent plasma leakage was 
unaffected by MoAb 60.3 treatment. 

We conclude, confirming earlier in vitro findings, that the 
membrane glycoprotein complex CD18 is indeed critical for 
PMN adherence and extravasation in vivo. Moreover, MoAb 
60.3 reduces PMN-dependent plasma leakage in the inflam- 
matory skin lesions. These findings make MoAb 60.3 a 
powerful tool in studying the role of PMNs in various 


chee a 


ARFORS ET AL 


Fig 3. The upper left panel (A) shows a post- 
capillary venule in the rabbit tenuissimus muscle 
prepared for intravital microscopy (control ani- 
mal). The lower left pane! (B) shows the same 
venule 1 hour after topical application of zymosan- 
activated serum (ZAS) with abundant adherent 
and extravasated PMNs. The upper right panel (C) 
shows a postcapillary venule in a rabbit pretreated 
with MoAb 60.3 (2 mg/kg). The lower right panel 
(D) shows the same venule after a 20-minute 
topical application of ZAS. In contrast to panel B, 
no adherent or extravasated PMNs are observed. 


inflammatory events as well as in controlling the inflamma- 
tory process. 
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CONCISE REPORT 


The Cellular Basis for Different Fetal Hemoglobin Levels Among Sickle Cell 
Individuals With Two, Three, and Four Alpha-Globin Genes 


By G.J. Dover, V.T. Chang, S.H. Boyer, G.R. Serjeant, S. Antonarakis, and D.R. Higgs 


Fetal hemoglobin (HbF) levels vary widely among individu- 
als with sickle cell anemia (SS). Previous studies have 
suggested that HbF levels in SS individuals with alpha- 
thalassemia (two or three functional alpha-globin genes) 
are lower than HbF levels in SS individuals with four normal 
alpha-globin genes. Using immunocytochemica! tech- 
niques, we studied F cell production as measured by % F 
reticulocytes, the amount of HbF per F cell, and the 
preferential survival of F cells versus non-F cells in 51 
subjects with four alpha genes, 32 subjects with three 
alpha genes, and 18 subjects with two alpha genes. Com- 
parison between alpha-globin gene groups was performed 
for the total sample as well as for a subset of 82 individuals 
who had replicate samples and a further subset of 39 
age-matched individuals. %HbF levels were 6.8, 4.9, and 
4.5 percent for the total four—, three—, and two-alpha- 
globin-gene groups, respectively. The percentage of F 


LPHA-thalassemia modifies many hematologic param- 
eters in individuals who have homozygous sickle cell 
disease (SS). SS individuals with only two alpha-globin 
genes have higher hemoglobin levels, lower reticulocyte 
counts, and lower mean corpuscular hemoglobin concentra- 
tions (MCHC) than SS individuals with four alpha-globin 
genes.’ In the largest study to date,’ fetal hemoglobin 
(HbF) levels were lower in SS individuals with two alpha- 
globin genes than in SS individuals with four alpha-globin 
genes. The reason for this difference in HbF levels among SS 
patients has been obscure. 

In normal and SS individuals HbF is confined to a subset 
of erythrocytes called F cells.* HbF levels in patients with SS 
disease is the summation of three independent variables; 
first, the number of F cells produced, as estimated by the 
percentage of F reticulocytes; second, the amount of HbF per 
F cell; and third, the preferential survival of F cells versus 
those red cells which contain no detectable HbF (non-F 
cells).° In a previous study utilizing a small number of SS 
individuals (10 to 15 subjects per group) we saw no differ- 
ence in the percent HbF, percentage of F reticulocytes, or the 
percent HbF per F cell between SS individuals with two or 
four alpha-globin genes.° Now, in analysis of 101 SS individ- 
uals, we substantiate the finding of others’ that HbF levels 
are lower in SS individuals with two alpha-globin genes than 
in those with four alpha-globin genes. Furthermore, in this 
report, we analyze in detail the three cellular variables that 
determine HbF levels in order to determine the basis for 
different levels of HbF in these individuals. We conclude that 
F cell production and the percent of HbF per F cell are the 
same in SS patients with and without alpha-thalassemia. We 
find that the difference in HbF levels is directly attributable 
to the enhanced survival of the non-F cells in SS individuals 
with coexisting alpha-thalassemia. 


MATERIALS AND METHODS 


All patients evaluated attended the Medical Research Council 
Sickle Cell Clinic in Kingston, Jamaica. Eighty-three SS individuals 
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reticulocytes, percentage HbF per F cell, and the enrich- 
ment ratio (% F cell/% F reticulocytes} did not change 
significantly with alpha-globin gene number. Moreover, 
no correlation existed between alpha-globin gene number 
and the absolute number of F cells in any group stud- 
ied. However, there was a strong inverse correlation 
{r = —0.407, P = .0001) between non-F cell levels (1.7 + 2. 
2.2 + 5, 3.0 + 1.0 x 10/L) and decreasing alpha-globin 
gene number. These data suggest that falling HbF levels 
among SS individuals with lessened numbers of alpha- 
globin genes reflect prolonged survival of non-F cells and 
are not due to intrinsic differences in F cell production or in 
the amount of HbF per F cell. The improved survival of 
non-F cells in SS alpha-thalassemia is presumed to be due 
to the lower MCHC observed in such individuals. 

© 1987 by Grune & Stratton, Ine. 


(51 with four alpha-globin genes, 32 with three alpha-globin genes) 
were obtained from a previous study of SS siblings randomly 
selected from the clinic registry.’ These patients had not been 
transfused and had no recent infection or crisis. Alpha-globin gene 
number was not known at the time of their selection. Eighteen 
two-alpha-globin gene SS individuals were randomly selected from 
clinic patients previously identified as having two alpha-globin genes 
in a survey of the same clinic population.” The average age (+ SD) 
for the entire population was 20.6 + 9.5 years, with no significant 
age differences between the alpha-globin gene groups. Informed 
consent was obtained in accordance with the guidelines of both the 
Johns Hopkins University Medical School Joint Committee of 
Clinical Investigation and the Clinical Investigation Committee of 
the University of West Endies. 

To ensure reproducibility of hematologic parameters, a second 
sample was obtained within a one-year interval from most subjects. 
Eighty-two persons underwent such re-examination. In addition, an 
age-matched subset was analyzed retrospectively including 13 age- 
matched individuals from each alpha-globin gene number. Statisti- 
cal analysis was performed for the total population, for subjects in 
which second samples had been drawn, and for the age-matched 
group. 
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All samples of blood were obtained from venous blood collected in 
EDTA. Peripheral blood reticulocyte counts were obtained using 
conventional new methylene blue staining, and red cell indices were 
performed using an electronic cell counter (Coulter ZBI 6, Coulter 
Electronics, Hialeah, FL). Alpha-globin gene number was deter- 
mined or redetermined, in cases of two-alpha-globin gene subjects, 
by DNA restriction endonuclease analysis utilizing DNA obtained 
from peripheral blood leukocytes. Percentage of F reticulocytes was 
assayed by radial immunoprecipitate reactions,’ F cell counts were 
performed either by the above procedure or by analysis of fixed red 
cells with a monoclonal anti-HbF antibody.” Percentage of HbF 
levels was determined by alkaline denaturation techniques." 

Statistical distributions were tested for normality by a chi-square 
test, based on the observed mean and variance. Bartlett's test was 
used to test for equality of variance. For values that were not 
normally distributed (% HbF, % reticulocytes), logarithmic trans- 
formation was used. The degree of linear correlation between 
alpha-globin gene numbers and hematologic parameters were 
assessed by linear correlation coefficient (r). Where the distributions 
were nonnormal, or the variances were unequal, the Spearman-Rank 
correlation test was used. 


RESULTS 


Table I summarizes the hematologic data for the overall 
group. No significant correlations were found between 
alpha-globin gene number and F enrichment ratios, F reticu- 
locytes, or the percentage of HbF per F cell. The remaining 
hematologic parameters were highly correlated with alpha- 
globin gene groups: Picograms of HbF per F cell, percentage 
of F cells, percentage of HbF, MCHC, mean corpuscular 
volume (MCV), mean corpuscular hemoglobin (MCH), and 
percentage of reticulocytes; all decreased significantly with 
decreasing alpha-globin gene number. In contrast, hemoglo- 
bin levels and red cell number increased with decreasing 
alpha-globin gene numbers. 


DOVER ET AL 


Table 2 provides a comparison of the absolute numbers of 
F cells anc non-F cells in SS patients partitioned according to 
alpha-globin gene number. Although the percentage of F 
reticulocytes (Table 1) are not correlated with alpha-globin 
gene number, the absolute numbers of F reticulocytes (Ta- 
ble 2) significantly decrease as the alpha-globin gene num- 
ber falls. This decrease is due to the significant decrease in 
the total reticulocyte percentages noted in Table 1. Non-F 
reticulocyte levels seem to fall with decreasing alpha-globin 
genes but not significantly so. Although absolute F ceil 
numbers were not correlated with alpha-globin gene num- 
bers, the absolute number of non-F cells per liter was 
negatively correlated (r = ~0.407, P = .0001) with decreas- 
ing alpha-globin gene. The upshot is that alpha-thalassemia 
is associated with prolonged survival of non-F cells. The 
outcome is the same when analysis like that in Table 2 ts 
applied te either mean values from 82 subjects who had 
repeat tesis or to 39 age-matched subjects. 


DISCUSSION 


The intent of this paper was to analyze the origins of 
differences in HbF levels among individuals with SS disease 
who have different numbers of alpha-globin genes. Like some 
previous investigators,”’> we found a significant inverse 
correlation between the percentages of HbF and the number 
of alpha-globin genes. In order to determine the origins of 
these differences, we considered the fact that HbF is discon- 
tinuously distributed among red cells in these individuals.” 
We analyzed the three major variables that contribute to the 
percentage of HbF levels found in peripheral blood. The first 
of these, ie, the percentage of F reticulocytes, was not 
different among the three alpha-globin groups studied (Ta- 


Table 1. Hematologic Features in SS Individuals and Varying Numbers of Aipha-Globin Gene (Mean + SD) 
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Aipha-Globin Genes 
ee E A Statisties  — 
N= 51 N = 32 N= 18 ri pi 

F enrichment ratio* 1.75 + .89 1.58 + .90 1.47 + .55 .130 NS 
F reticulocyte (per- 20.9 + 10.5 19.7 + 11.3 16.5 + 7.9 ,149 NS 

cent) 
F cell (percent) 34.4 + 17.0 26.5 + 14.6 24.0 + 15.3 262 O14 
HbF/F cell (pg) t 7.1% 2.2 6.1 + 1.8 5.6 + 2.7 .403 .0001 
HbF/F cell (%)¢ 22.2+6.4 21.9 + 6.2 23.2 + 12.2 167 NS 
Hemoglobin F§ (per- .89(6.8) + .28 .77{4.9) + .28 .73{4.3}) + .24 242 02 

cent) 
Hemoglobin 8.2 + 1.0 84+ 1.4 9.2+ 1.6 ~ 241 02 
MCHC (g/dL) 34.14 4.5 33.3 + 2.6 32.1 + 1.7 304 .005 
Red cells (x 10'7/L) 2.63 + .39 3.04 + 60 3.91 + .82 —~ 627 001 
MCV (fl) 91.6 + 6.9 82.5 + 6.8 72.7 + 5.6 725 .0001 
MCH (pg) 31.6 + 2.9 28.0 + 3.0 23.7 + 2.1 716 .0001 
Reticulocytes§ (per- 1.03(9.6) + .21 .96(8.1} + .19 83(5.8) + .19 316 002 

cent) 








*F enrichment ratio calculated as the {F cell percent)/(F reticulocyte percent). 


+Picograms (pg) of HbF/F cell = (MCH x %HbF)/F cell%. 


tHbF/F celll%) = [pgHbF/F cell/MCH] x 100. Note MCH of F cell and non-F cells are the same. © 
§ These values were calculated after logarithmic transformation. For hemoglobin F values, log(9%6HbF + 1} for reticulocytes, log(%reticulocytes + 1). 


Figures in parentheses represent means reexpressed in original units. 


lr = regression coefficient; P = probability of hematologic variable correlated with alpha-globin gene number (see Methods); NS = not significant 


(>0.05). 
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Table 2. Absolute Number of F Celis and Non-F Celis in SS individuals and Varying Numbers of Aipha-Globin Gene Loci (Mean + SD) 


emmanie 





Alpha-Globin Genes Statistics 
4 3 2 r E 
F reticulocytes* (x 10'7/L) .056 + .032 .051 + .035 043 + .030 231 023 
F celis (x 10°*/L)+ 93 + .50 84 + .57 98 + .57 .129 NS 
Non-F reticulocytes* (x 10'7/L) .23 + .13 .21 + .09 .20 + .12 .106 NS 
Non-F cells (x 10'/L)+ 1.70 + .17 2.20 + .49 2.95 + 1.0 — 407 0001 


*Absolute number of F or non-F reticulocytes = (RBC) x {reticulocyte percent) x (percentage of F or non-F reticulocytes). 
tAbsolute number of F or non-F cells = (RBC) x {percentage of F cells or non-F cells). 


ble 1). However, the absolute number of F reticulocytes 
decreased significantly with falling alpha-globin gene num- 
ber, the level in two-alpha-globin-gene individuals being 
77% of that in four-alpha-globin-gene individuals (Table 2). 
In the absence of significant between-group differences in 
the percentage of F reticulocytes (Table 1), we presume that 
the fall in their absolute number is due to a concomitant and 
significant decrease in overall reticulocyte production (Ta- 
ble 1). These changes would not be expected to have an 
appreciable effect on HbF levels, since F reticulocytes, in 
themselves, represent only a few percent of all HbF-bearing 
cells. While there were significant differences in the second 
variable affecting HbF production, ie, picograms of HbF per 
F cell, among the alpha-globin gene categories, there was a 
parallel fall in the MCH of F cells. Thus no change developed 
in the actual percentage of HbF per F cell. 

The third variable that affects HbF levels is the difference 
in survival of F cells versus non-F cells in the peripheral 
blood. This difference in preferential survival was measured 
two ways. As assessed by comparison of enrichment ratios (% 
F cells/% F reticulocytes), a decline in enrichment ratios 
with decreasing alpha-globin gene number (Table 1) was 
observed. However, the magnitude of this change was not 
Statistically significant. The difficulty with such analysis of 
enrichment ratics is that it is perturbable by known variation 
in each of the two estimates, F reticulocytes and F cells, that 
contribute to it. Consequently, such estimates are less precise 
than the measure of absolute numbers of non-F cells which 
utilize only one HbF-centered variable. Here, a highly 
significant inverse correlation in the number of non-F cells 
per liter between groups of individuals with decreasing 
alpha-globin gene number was observed (Table 2). Since 
non-F reticulocvtes did not change between groups, the 
higher concentration of non-F cells in the two- and three- 
alpha-globin-gene groups indicate that non-F cells survive 


longer in SS individuals with alpha-thalassemia in compari- 
son to SS individuals with four alpha-globin genes. 

Why do non-F cells last longer in SS individuals with 
alpha-thalassemia? We suppose that it is the indirect out- 
come of a lessened MCHC associated with alpha-thalasse- 
mia (Table 1).'*° Sickle hemoglobin (HbS) polymerization 
is highly dependent upon HbS concentration within the red 
cell.'* Recently, Brittenham demonstrated that intracellular 
HbS polymer levels, calculated on the basis of MCHC and 
HbS concentration, accounted for at least 80% of the varia- 
tion in hemoglobin levels among different SS syndromes," 
Alpha-thalassemia leads to decreased MCHC in all cells® 
and to a decreased proportion of dense irreversibly sickled 
cells.°'® The dense cell fraction (MCHC > 37 g/dL) has two 
hallmarks: it contains very few F cells and exhibits shorter 
survival than less dense cells.° A decrease in the proportion of 
dense cells should therefore lead to a relative decrease in the 
difference between F cell survival and non-F cell survival. 
The fact is that the majority of non-F cells in SS individuals 
with two alpha-globin genes have MCHC that are near 
normal.® Consequently, in this setting, one would expect that 
non-F cells with near-normal MCHC would last longer than 
they do when MCHC 1s elevated. Thus, in these respects, our 
data indicating prolonged survival of non-F cells in SS 
individuals with two and three alpha-giobin genes are consis- 
tent with previous reports. 

In summary, differences in HbF levels among SS individu- 
als with different numbers of alpha-globin genes are not due 
to differences in F cell production or percentage of HbF per 
F cell. The difference is due to the relatively prolonged 
survival of non-F cells in alpha-thalassemic SS individuals 
compared to non-F cells in SS individuals with four alpha 
genes. We speculate that previously demonstrated deciines in 
MCHC among SS alpha-thalassemic individuals account for 
this prolonged survival. 
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CONCISE REPORT 


Amantadine Potentiates T Lymphocyte Killing by an Anti-Pan-T Cell (CDS5) 
Ricin A-Chain [mmunotoxin 


By Salvatore Siena, Silvia Villa, Marco Bregni, Gianni Bonnadonna, and A. Massimo Gianni 


The studies described in this report demonstrate that 
1-adamantanamine hydrochloride (amantadine) is a potent 
enhancer of the cytotoxic activity of the anti-pan-T lym- 
phocyte (CD5} T101 monoclonal antibody conjugated to 
purified ricin A-chain (T101-immunotoxin; T101-IT). We 
also demonstrate that T101-iT in the presence of amanta- 
dine does not induce immunotoxin-mediated cytotoxicity in 
nontarget cells such as human marrow hematopoietic 


ELL-specific antibodies coupled to the A-chain subunit 
of ricin, abrin, or diphtheria toxin give rise to hybrid 
molecules, referred to as A-chain immunotoxins, that possess 
specific cytotoxicity against target cells.’? Unfortunately, A 
chain immunotoxins do have limitations, particularly in 
terms of potency and slow kinetics of cytotoxicity. These 
problems have been partly obviated in vitro by long incuba- 
tions under conditions nonreproducible in vivo.’ 

In a systematic search for substances of potential clinical 
activity capable of improving A-chain translocation into the 
cytosol, we tested the symmetrical primary amine amanta- 
dine. This drug is selectively concentrated in lysosomes and 
other acidic organelles,’ is capable of elevating endosomal 
and lysosomal pH,'° and interferes with receptor recycling” 
at the level of compartment of uncoupling receptor and 
ligand.” 

We report here that in vitro amantadine, at concentrations 
nontoxic to human hematopoietic progenitor cells, enhances 
the activity and accelerates the kinetics of the anti-pan-T 
cell (CDS) T10] ricin A-chain immunotoxin (T101-IT) 
against normal T lymphocytes. 

MATERIALS AND METHODS 

TIO] ricin A chain immunotoxin (T101-IT. SR 41322: batch 
RBMO0O7) consists of the murine monoclonal IgG. antibody T101 
(Hybritech, San Diego, Calif) chemically bound to purified ricin A 
chain.’°’ T10L antibody recognizes the 65 kD antigen present on 
human peripheral blood T lymphocytes (CDS5[T, 65 kD] T101).” 

Normal bone marrow cells were obtained by aspiration from the 
iliac crests of volunteers, who gave informed consent in accordance 
with institutional guidelines. Peripheral blood (PB) and bone mar- 
row (BM) mononuclear cells were prepared by density gradient 
centrifugation over Ficoll-Hypaque (Pharmacia, Piscataway, NJ). 
Collected cells were washed 3 times with Hanks’ buffered saline 
solution (HBSS) before treatment with T101-IT. Ficoll-Hypaque- 
isolated mononuclear cells at 10’/mL (PB) or 2 x 10’/mL (BM) 
were suspended in HBSS containing amantadine hydrochloride 
(1-Adamantanamine HC1, Sigma, St. Louis, Mo) and/or ammo- 
nium chloride. The incubation medium was adjusted to pH 7.8 by 
addition of 2 N sodium hydroxide and contained 2% fetal calf serum 
(FCS) and 10 mmol/L HEPES buffer. After ten minutes at 37 °C, 
incubation with T:!01-IT was initiated in ice for ten minutes and 
then continued at 37 °C. At the end of incubation, cells were washed 
4 times at 4°C with 1% FCS-HBSS and assayed according to the 
experimental protocol. 

To measure lectin-induced polyclonal T cell proliferation, PB 
mononuclear cells were stimulated with 10 ng/mL phytohemagglu- 
tinin (PHA-P, Difco, Detroit, Mich). Mononuclear cells (10° cells/ 
well) were cultured in round-bottomed microtiter plates in 0.2 mL 
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progenitor cells. These results provide further knowledge 
for the improvement of ex vivo purification of human bone 
marrow from normal or leukemic T cells prior to allogeneic 
or autologous stem cell transplantation, respectively. Fur- 
thermore, since amantadine has long been employed safely 
in human therapy, its use in conjunction with immunotox- 
ins might be exploited in vivo. 
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RPMI 1640 supplemented with 15% FCS, 10 mmol/L HEPES 
buffer, 100 U/mL penicillin, 100 pg/mL streptomycin, and 2 
mmol/L L-glutamine. Triplicate cultures were incubated at 37 °C in 
a 5% CO, humidified atmosphere for 72 hours and then labeled with 
1 wCi/well tritiated thymidine (H-TdR). After eight hours, *H- 
TdR incorporation was measured by standard scintillation counting 
techniques. 

To measure lymphocyte proliferative response to allogeneic cells 
in mixed lymphocyte culture (MLC), responder PB mononuclear 
cells (5 x 10*) were cultured with 5 x 104 irradiated (2,500 rad) 
stimulator cells (1:1 mixture of allogeneic PB mononuclear cells 
from two unrelated individuals). Triplicate cultures were performed 
in supplemented RPMI 1640 with 18% FCS in round-bottomed 
microtiter plates at 37 °C in a 5% co, humidified atmosphere. After 
120 hours, plates were pulsed with *H-TdR | wCi/well. After an 
additional 24 hours, *H-TdR incorporation was measured by stan- 
dard scintillation counting techniques. 

The frequency of clonable T lymphocytes in BM samples was 
evaluated by a limiting dilution microculture assay in PHA-IL 2 
feeder cell containing medium according to Kernan et al* with 
minor modifications as previously described.* T lymphocyte fre- 
quency was determined by the minimum chi-square method from 
the Poisson distribution relationship between the cell number seeded 
per well and the logarithm of the percentage of negative culture 
wells." 

The frequency of multipotential (CFU-GEMM)}), erythroid 
(BFU-E), and granulomonocytic (CFU-GM) hematopoietic pro- 
genitor cells was evaluated by clonal assays as previously 
described.'® 


RESULTS 
Unless otherwise specified, 10 nmol/L TIOI-IT was 
employed throughout the experiments presented here. In 
previous studies'”* this concentration was found to be opti- 
mal in terms of high immunotoxin activity and lack of 
cytotoxicity to human hematopoietic progenitors. 
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Viability of PB as well as BM mononuclear cells was 
assessed by Trypan blue dye exclusion test at the end of four 
hours incubation. Treatment with 0.1 to 1.5 mmol/L aman- 
tadine and T101-IT did not affect cell viability. Higher 
concentrations, ie, 1.75 and 2 mmol/L amantadine either 
with or without T101-IT, reduced the number of total viable 
cells to 84.75% + 13.36% and 27.45% + 9.68% of medium 
controls, respectively. 

In the absence of enhancer molecules, four-hour treatment 
with T101-IT did not change the mitogenic response of PB T 
lymphocytes. In contrast, the addition of amantadine to the 
incubation medium enhanced the activity of T101-IT in a 
dose-related manner (Fig 1). The most effective nontoxic 
concentration was 1 mmol/L amantadine which in the 
presence of 10 nmol/L T101-IT resulted in the inhibition of 
T lymphocyte mitogenic response to 2.18% + 2.50% of 
medium controls (n = 4). The same amantadine concentra- 
tion potentiated also the TIO1-IT inhibition of PB T cell 
response to allogeneic cells in MLC (11.72% + 1.26%, 
12.23% + 1.32%, and 12.98 + 1.40 of medium, amantadine, 
and T101-IT controls, respectively; n = 1). 

In parallel experiments, T101-IT in the presence of 10 
mmol/L ammonium chloride reduced the PB T cell prolifer- 
ative response to PHA and to allogeneic cells in MLC to only 
41.23% + 21.60% (n = 3) and 32.5% + 5.38% (n = 1) of 
controls, respectively. T101-IT in the presence of 20 mmol/L 
ammonium chloride, or 10 mmol/L methylamine, or 100 
umol/L chloroquine reduced the T cell proliferative response 
to PHA to 20.04% + 9.70%, 42.30% + 11.30%, and 49.00% 
+ 9.83% {n = 2) of controls, respectively. 

The kinetics of the inhibition of PB T lymphocyte prolifer- 
ative response to PHA by TIOI-IT in the presence of I 
mmol/L amantadine or 20 mmol/L ammonium chloride, is 
shown in Fig 2. Amantadine sped the rate at which T101-IT 
inhibited T lymphocyte proliferation more dramatically than 
did ammonium chloride. In addition, the overall enhance- 
ment of T101-IT activity was markedly higher with amanta- 
dine than with ammonium chloride. A two-hour incubation 
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Fig 1. Effects of amantadine and/or T101-IT on lymphocyte 
proliferative response to phytohemagglutinin. Peripheral blood 
mononuclear cells (10’/mL) were treated with 10 nmol/L T101-IT 
and/or various concentrations of amantadine before culturing in 
the presence of PHA. Culturas were labeled at 72 hours with 
3H-TdR, and the results are presented as the percentage of 
thymidine incorporation in treated samples relative to untreated 
controls. Amantadine potentiates the T101-induced inhibition of 
mitogenic T cell proliferative response in a dose-related manner. 


SIENA ET AL 


ämmien Chloride 





@Amantadine 


ai 
thE 


H- TGR incorporation {ot control? 
are 


TIME (rnin 


Fig 2. Effect of T101-IT in the sresence of amantadine or 
ammonium chloride on the rate of T cell mitogenic proliferative 
response inhibition. Peripheral blood mononuclear cells (10’/mtL) 
were treated with 10 nmol/L T101-IT and 1 mmol/L amantadine 
or 20 mmol/L ammonium chloride. At the times indicated, the cells 
were washed 4 times at 4 °C and ther cultured in the presence of 
PHA. Cultures were labeled at 72 hours with °"H-TdR, and the 
results are presented as the percentage of thymidine incorpora- 
tion in treated samples reiative to untreated controls. 


with T1O1-IT and 1 mmol/L amantadine was sufficient to 
inhibit lymphocyte proliferative response to 1.29% + 0.41% 
(n = 2) of control medium. 

To address the possibility that amantadine is toxic to an 
accessory cell(s) necessary for the in vitro T cell activation 
and proliferation, PB mononuclear cells treated with T101- 
IT and amantadine were mixed at different ratios with 
autologous medium-treated PB mononuclear cells and 
assayed for PHA proliferative response. The observed rate of 
*H-TdR incorporation corresponded to the expected values 
calculated on the basis of dilution in the cell mixtures, thus 
ruling out a toxic effect of amantadine plus F101-IT on an 
accessory cell(s) (data not shown). 

Based on the results of the experiments in which PB 
lymphocytes were the target of the immunotoxin cytotoxici- 
ty, human BM mononuclear cells at 20 x 10°/mL were 
incubated for two hours with T101-IT alone or Ti01-IT plus 
either amantadine or ammonium chloride. The frequency of 
BM T lymphocytes was evaluated by a limiting dilution 
microculture assay which is the most sensitive method for the 
detection and enumeration of very low numbers of residual 
BM T cells.'*"’ 

In the presence of | mmol/L amantadine, a two-log 
depletion of BM T lymphocytes was achieved. In contrast, 
when 10 mmol/L ammonium chloride was employed instead 
of amantadine, only one log reduction of BM T lymphocytes 
was achieved. In all instances, the treatment with T101-IT 
and/or either enhancer molecule did not significantly alter 
the recovery of CFU-GEMM, BFU-E, and CFU-GM hema- 
topoietic progenitor cells (Table 1). 


DISCUSSION 


The data presented in this report demonstrate that aman- 
tadine enhances TIOI-IT cytotoxic effect and that it is 
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Table 1. Specific Depletion of Human Bone Marrow T Lymphocyte by T101-IT in the Presence of Amantadine or Ammonium Chioride 





Total Nucleated 








Percentage of Medium-Treated Control 


Hematopoietic Progenitor Celis 





Ceils T Celis CFU-GEMM BFU-E 
T101-IT 87.1 + 10.3 101.1+9.8 ND ND 82.0 + 7.9 
T101-IT plus 
Amantadine 89.4 + 8.9 2.20 + 0.38 72.0 4:22 69.9 + 4.1 193.7 + 76.3 
T107-1T plus 
Ammonium Chioride 91.5 + 15 13.12 + 2.10 69.0 + 19 73.9 + 15.3 97.1 + 25.1 





ano yria ienr AtA rch ASAI AM Moar mamara herr 


Bone marrow mononuclear cells at 20 x 10°/ml were incubated for two hours with 10 nmol/L T101-IT in the presence of either 1 mmol/L 
amantadine or 10 mmol/L ammonium chloride. After 4 washings, cells were assayed for the number of total viable cells, clonable T celis, and 
hematopoietic progenitor cells. Values shown are the mean + SD from two separate experiments. Control CFU-GEMM, 13.6 + 3.4/5 x 10°: BFU-E, 


336.4 + 64.5/5 x 10*: CFU-GM, 88 + 51.1/10°. 


superior to ammonium chloride both in terms of rapidity of 
action and level of T101-IT cytotoxicity against PB T 
lymphocytes. In 1984, Casellas et al reported that the degree 
of enhancement of T101-IT cytotoxicity against T leukemia 
CEM cells by | mmol/L amantadine is inferior to 100 
umol/L chloroquine, 10 mmol/L ammonium chloride, or 10 
mmol/L methylamine.’ The same authors chose ammonium 
chloride in their subsequent work.’ The present study shows 
that when targets of T101-IT cytotoxicity are normal T cells, 
the most effective potentiator is amantadine followed by 
ammonium chloride, methylamine, and chloroquine. The 
diversity of our results compared to those of Casellas et al 
supports the notion that A-chain immunotoxins exhibit vari- 
ability in target cell toxicity.’ 

The immediate application of these data is the use of 
amantadine as optimal potentiator of T101-IT for ex vivo 
depletion of mature T lymphocytes from bone marrow grafts 
prior to allogeneic transplantation. Recently, Kernan et al 
have shown that the number of clonable residual T lympho- 
cytes measured by a limiting dilution assay’ correlates with 
the development of GVHD in 32 leukemic patients following 
transplantation of histocompatible donor T cell-depleted 
BM. In particular, these authors found that 24 patients who 
received a median of 3.72 x 10* (0.92 to 16.0 x 10*) residual 
BM T cells per kg of recipient body weight did not develop 
GVHD. Of the 8 patients who received a median of 23.99 x 
104 (18.63 to 43.93 x 10*) T cells per kg, 4 had no GVHD, 
and 4 developed grade I-II (skin only) GVHD." Employing 


the same limiting dilution assay for quantitation of residual 
BM T cells, we show in this report that TIO1-IT in the 
presence of amantadine induces a 2 log reduction of BM T 
lymphocytes without adversely affecting multipotential 
hematopoietic progenitor cells. Typical untreated BM grafts 
contain 1.0 x 10° (0.7 to 1.4 x 10°) clonable T lympho- 
cytes.'* Following a 2 log T cell reduction, an average 50 kg 
patient would receive 2 x 10° (1.4 to 2.8 x 10°) T cells per 
kg. Thus, based on Kernan’s studies, data presented here 
suggest that depletion of BM T cells by TIOL-IT plus 
amantadine may be effective in preventing severe grade 
IH-IV GVHD. 

Amantadine is a licensed drug employed for prophylaxis 
of influence A virus infections in humans.'’ The in vitro 
concentrations found to be active in present experiments 
cannot be achieved in the blood of patients treated with 
amantadine.” For this reason we are now investigating 
whether amantadine analogues will prove active at clinically 
occurring concentrations. T101-IT in the presence of non- 
toxic amantadine concentrations prompts its immediate use 
for a more efficient ex vivo depletion of human bone marrow 
T lymphocytes. 
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CONCISE REPORT 


Possible Absence of Common Polymorphisms in Coagulation 
Factor IX Gene in Japanese Subjects 


By Tetsuhito Kojima, Mitsune Tanimoto, Tadashi Kamiya, Yuichi Obata, Toshitada Takahashi, 
Ryuzo Ohno, Kotoku Kurachi, and Hidehiko Saito 


Four distinct intragenic polymorphisms in the coagulation 
factor IX gene which have been reported to be important 
for family diagnosis of Caucasian hemophilia B were stud- 
ied in 51 normal Japanese subjects (21 males and 30 
females). High-molecular-weight DNA prepared from 
peripheral blood lymphocytes were digested with endonu- 
clease, Ddel, Mspl, Taqi or Xmni, and were studied by 
Southern blot analysis with factor IX complementary DNA 


OAGULATION factor IX (Christmas factor) is a 
vitamin K—dependent plasma protein that participates 
in the early phase of blood clotting. The absence or func- 
tional deficiency of this protein causes a severe bleeding 
tendency known as hemophilia B or Christmas disease. The 
recent isolation of a complementary DNA (cDNA) sequence 
coding for this protein’? and the gene for factor [X** has 
opened a new era in the genetic study of hemophilia B. The 
disease results from heterogeneous genetic causes including 
single amino acid substitutions,® partial gene deletions,” and 
intronic point mutations.” Besides the structural analysis of 
abormal genes, the discovery of restriction fragment length 
polymorphisms (RFLPs) within the factor IX gene'*'* has 
facilitated the clinical application of these polymorphic 
fragments as genetic markers for family diagnosis such as 
carrier detection and possible prenatal diagnosis. 
Hemophilia B is one of the most common hereditary 
coagulation disorders in the Japanese population. The occur- 
rence of the disease among Japanese is almost equal to that 
in whites." We have recently initiated the study of RFLPs in 
Japanese hemophilia B patients and their families. Interest- 
ingly, the majority of normal Japanese subjects was found to 
possess only the major RFLP fragments of the factor IX 
gene. Our results suggest that there may be another type of 
limitation of molecular genetic techniques in family diag- 
nosis of hemophilia B, in addition to the limitations already 
pointed out by Graham et al.’ 


MATERIALS AND METHODS 


Twenty milliliters of peripheral blood was drawn from 51 normal 
Japanese subjects {21 males and 30 females) and 5 normal white 
subjects (2 males and 3 females} after informed consent. High- 
molecular-weight DNA was prepared from peripheral blood lym- 
phocytes by sodium dodecyl sulfate (SDS)—proteinase K method 
followed by phenolchloroform extraction as described elsewhere.” 

Ten to twenty micrograms aliquots of DNA were digested with 
endonuclease Ddel, MspI, TaqI, or XmnI (Boehringer Mannheim, 
Indianapolis). DNA fragments were electrophoresed on 0.6% to 
1.5% agarose gels and transfered onto nitrocellulose filters 
(Schleicher & Schuell, Inc, Keene, NH) by Southern’s method." 
Hybridization was carried out with **P-labeled factor IX cDNA 
probe, pHFIX (1.45kb PstI fragment)’ for 16 hours at 65 °C. The 
filters were washed and subjected to autoradiography with Kodak 
XAR-5 film (Eastman Kodak, Rochester, NY). 
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as a probe. None of the minor fragments produced by these 
enzymes was found in the normal Japanese DNA samples 
tested, although the probe detects minor allelic forms in 
control Caucasian DNA samples. Our data suggest that the 
frequent polymorphic sites found in Caucasians are possi- 
bly absent in the Japanese population. 
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Fig1. The location of factor IX intragenic common RFLP sites 
analyzed in this study. Taqi and Xmni sites that produce minor 
allelic forms are indicated with solid arrows {V}. Insertion polymor- 
phism region detected by Ddel is shown with an open arrow [A}. 


RESULTS 


Factor IX gene RFLPs analyzed in this study are shown in 
Fig 1. Genomic DNA samples from 5! normal Japanese 
subjects (21 males and 30 females) were digested with TaqI 
endonuclease and then analyzed with factor IX cDNA 
probes. While control genomic DNA from two white subjects 
showed the Taq] minor allelic form (1.3kb fragment), no 
minor fragment in 20 Japanese genomic DNA samples was 
detected under the same experimental conditions (Fig 2A). 
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Fig 2. Southern blot analy- 
sis of high molecular-weight 
DNA from normal Japanese 
and Caucasian subjects with 
factor IX cDNA probe. Four 
restriction endonucleases, Taqi 
(A), Msp! (B). Xmni (C), and 
Ddel (D) were used for diges- 
tion of DNA. Factor IX cDNA 
probe detects 1.3kb Taq! minor 
fragment in two of three con- 
trol Caucasian (c) DNA samples 
(10 to 20 ug DNA per lane) 
tested. 5.8kb Mspl, 6.5kb/ 
5.0kb Xmni, and 1.74kb Ddel 
minor forms are observed in 
Ceucasian DNA samples. Minor 
allelic forms are, however, not 
observed in any Japanese DNA 
samples tested. Agarose gel 
electrophoresis was performed 
at 1.0% to 0.7% (Taql), 0.6% 
(Mspl), 0.7% (Xmnl), and 1.5% 
(Ddel). 


FACTOR IX GENE POLYMORPHISM IN JAPANESE 


Similarly, both the 5.8kb MspI and 6.5kb/5.0kb Xmunl 
minor alleles were observed among the white control samples 
(Figs 2B and C). All the Japanese DNA samples in the same 
blot, however, possessed neither the MspI nor XmnI minor 
fragment polymorphism. Ddel digestion was also carried out, 
but no 1.74 kb minor allele was found among the normal! 
Japanese subjects analyzed (Fig 2D). 

The incidence of these four enzyme-derived minor alleles 
in 81 Japanese X chromosomes was compared with that in 
white X chromosomes previously described in the litera- 
ture’®’*'> (Table 1). The results indicated that the Japanese 
factor IX gene is significantly different from the white factor 
IX gene in terms of the four enzyme polymorphisms ana- 
lyzed (P < 0.01). 


DISCUSSION 


We demonstrated that the previously described intragenic 
RFLPs in the factor IX gene produced by endonuclease 
Ddel, MspI, Tagi, and Xmni are not found in 51 normal 
Japanese subjects. While Ddel polymorphism is produced by 
a 50 base pair insert in intron A, the other three RFLPs are 
generated by point mutations (Fig 1). The experimental 
conditions employed in this study permitted detection of 
minor alleles in Caucasian DNA samples digested with each 
restriction enzyme (Fig 2). To avoid the geographical 
influences of normal Japanese DNA samples, unrelated 
random blood donors were chosen for this study, from 10 
different prefectures situated in two of four major islands in 
Japan. The data obtained in this study clearly indicated that 
common factor IX gene RFLPs among Caucasians are 
possibly absent in Japanese. Similar results have also been 
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Table 1. Frequency of Intragenic Polymorphisms in Factor IX 
Gene in Japanese and Caucasian Subjects 


artes era mariage anaa eee 








Enzymes Japanese Caucasian P Naise 
Taqi 0 9.29 P< O01 
(1.3kb) n* = 81 næ 77 
Msp! 0 0.20 P< O.01 
(5.8kb}) n= 81 n= 46 
Xmni Q 0.29 P< 0.01 
(6.5kb/5.O0kb) n= 81 n= 72 
Ddel 0 0.24 P< O01 
(1.74kb) n= 81 n= 74 





The incidence of minor alleles in the factor IX gene in Japanese 
subjects was compared with that in Caucasians. The data for Caucasians 
were collected from the literature (ref 10 for Taqi, ref 13 for Mapi, ref 12 
for Xmni, and ref 12 for Ddel}. Statistical analysis was done by Fisher's 
exact test. 

*Number of X chromosomes analyzed. 


obtained in the Asian population including Japanese, Chi- 
nese, and Filipinos in Seattle (Chen S-H, Kurach K: unpub- 
lished observation). 

Recent isolation of the factor IX cDNA sequence and 
successful cloning of the factor IX gene has brought a new 
era in the clinical diagnosis of hemophilia B. After discovery 
of the informative Taq] RFLP, which is located in intron D," 
several other RFLPs have been found. These polymorphisms 
have already been used for clinical diagnosis for Caucasian 
hemophilia B families,'*"'* There are, however, several limi- 
tations in molecular genetic diagnosis for hemophiliacs as 
pointed out recently.’® The results described here suggested 
that there is one more type of limitation for diagnosis of 
hemophilia B in certain races, such as the Japanese. 
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CONCISE REPORT 


Effect of Human Recombinant Granulocyte Colony-Stimulating Factor on 
Hematopoietic Injury in Mice Induced by 5-Fluorouracil 


By Michiya Shimamura, Yukio Kobayashi, Akira Yuo, Akio Urabe, Tetsuro Okabe, 
Yoshinori Komatsu, Seiga Itoh, and Fumimaro Takaku 


Intravenous (IV) administration of 5-fluorouracil (5-FU) 
caused severe hematopoietic injury in mice. Daily adminis- 
tration of purified human recombinant granulocyte colony- 
stimulating factor (rG-CSF) accelerated recovery from neu- 
tropenia in these injured mice. Granulocyte-macrophage 
progenitors (CFU-GM) in spleen were markedly increased 


TIS WELL KNOWN that the proliferation and differen- 
tiation of hematopoietic progenitors are directly regu- 
lated by the stimulating factors specific to each lineage of the 
progenitors,' respectively. Recently the genes encoding some 
human hematopoietic factors, such as erythropoietin,’ gran- 
ulocyte colony-stimulating factor (G-CSF),’ and granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF),* 
have been cloned. Our laboratories have also succeeded in 
producing human recombinant G-CSF (rG-CSF) indepen- 
dently.’ In vivo activities of the preparations of rG-CSF have 
been already demonstrated.** In consideration of clinical 
applications of rG-CSF, we have been trying to estimate the 
therapeutic effect of rG-CSF on an animal model of neutro- 
penia induced by anti-cancer drugs. In this paper we report 
an enhancing effect of rG-CSF on the granulopoietic recov- 
ery in mice injured hematopoietically by 5-fluorouracil (5- 
FU), 


MATERIALS AND METHODS 


Human G-CSF was purified to homogeneity from a protein-free 
culture cell line, Balanche-1,’ and the amino-terminal sequence of 
G-CSF was determined by a gas-phase sequencer (unpublished 
results). Using poly (a)*RNA prepared from human macrophages, 
a CDNA library was constructed by the methods of Okayama and 
Berg." The resulting cDNA library was screened by the synthetic 
oligonucleotide probes, which were predicted by the amino-terminal 
sequence. The amino acid sequence deduced from the cloned cDNA 
was identical to that reported by Souza et al.’ The cDNA was 
expressed in Escherichia coli. K12 MM294 by construction of an 
expression plasmid for G-CSF using pGEL-| containing the trp 
promoter,’ and the mature protein was purified to homogeneity as 
previously reported.” Details on cloning and expression of the 
cloned cDNA will be described elsewhere (unpublished results). 
Units of rG-CSF activity were defined according to the method of 
Nicola et al," ie, the rG-CSF concentration required for half- 
maximal stimulation of colony formation by 75,000 BDF, mouse 
(Charls River, Japan) bone marrow cells in a semisolid culture 
medium was defined as 50 U of activity. As a measurement of purity, 
the purified rG-CSF was analyzed by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis according to the method 
of Laemmli"? and was tested for endotoxin contaminations using a 
limulus amebocyte lysate assay.’ The purified rG-CSF was dissolved 
in endotoxin-free normal saline for subcutaneous (SC) injection to 
mice in doses of 5 x 10* to 2 x 10° U/mouse/day. 

Female BDF, mice (7 weeks old) were injected intravenously (IV) 
with 5-FU (200 mg/kg body weight; Sigma Chemical, St Louis) on 
day 0. Daily SC administration of rG-CSF was carried out from day 
0. The 5-FU-treated control mice received only saline. In one 
experiment mice were sampled randomly from each group on days 5 
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by rG-CSF, while rG-CSF was less effective on the regener- 
ation of CFU-GM in femoral marrow. The accelerated 
recovery from neutropenia in the mice might be mainly due 
to the stimulation of granulopoiesis in spleen by rG-CSF. 
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Fig 1. Analysis of human G-CSF and rG-CSF on an SDS-15% 


polyacrylamide gel stained with silver. (A) 2 ug of rG-CSF; (B) 2 ug 
of G-CSF from Balanche-1 cells; (C) molecular weight markers. 


7,9, 11, and 13, and blood was collected from the orbital sinus for 
neutrophil counts. Nucleated cells in blood were counted using a 
Coulter counter (model ZF; Coulter Electronics, Hialeah, FL). 
Blood smears were stained with Wright-Giemsa for differential 
counts of leukocytes. A femur and spleen were collected from each 
mouse under sterile conditions. Using 23-gauge needles, femoral 
marrow Cells or spleen cells were harvested in 2 or 5 mL of a-medium 
(Flow Laboratories, McLean, VA). The cells were counted using a 
Coulter counter and were washed by centrifugation at 400 x g. 
Granulocyte-macrophage progenitors (CFU-GM) in femoral mar- 
row cells or in spleen cells were assayed in the semisolid agar culture 
system" as follows: The cells (5 x 10*/plate) were plated in 0.5-mL 
aliquots of a-medium containing 20% fetal bovine serum (Flow 
Laboratories, North Ryde, NSW, Australia), 0.3% agar, and 10% 
WEHI-3 conditioned medium as a source of colony-stimulating 
factor. These cultures were carried out in 24-multiwell tissue- 
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culture plates (Corning 25820; Iwaki Glass, Japan). Duplicate 
cultures were made from each murine femur or spleen and were 
incubated at 37°C in a humidified atmosphere of 5% CO, in air. 
After seven days of incubation, clonal colonies consisting of more 
than 50 cells were scored using an inverted microscope. In another 
experiment, blood (less than 30 aL) was collected successively on 
days 9, 11, and 13 from the tail vein of each mouse for neutrophil 
counts. 


RESULTS 


The purified rG-CSF was found to be homogenous by 
SDS-polyacrylamide gel electrophoresis (Fig |) and to have 
an apparent molecular weight of 17,400, whereas human 
G-CSF purified from cell culture’ migrated with an apparent 
molecular weight of 18,000. The purified rG-CSF had a 
specific activity of 1 x 10° U/mg of protein and contained 
less than 2.0 ng of endotoxin/mg of protein. This means that 
the in vivo studies were carried out in an almost endotoxin- 
free system. 

Quantitative changes of neutrophils in blood and those of 
CFU-GM in femur or spleen of the mice injected with 5-FU 
are summarized in Fig 2. 5-FU caused severe neutropenia 
and a significant decrease of CFU-GM. More than 13 days 
were required for the full recovery from neutropenia in the 
5-FU-treated mice. On the contrary, the daily administra- 
tion of rG-CSF (1 x 10° U/d) to the 5-FU-treated mice 
caused a marked elevation in neutrophil counts on days 11 
and 13 (313% and 1,019% of each paired control, respec- 
tively) as shown in Fig 2A. In comparison with the mild 
enhancing effect of rG-CSF on CFU-GM in femur (Fig 2B), 
rG-CSF administration showed a marked increase in CFU- 
GM in spleens on days 11 and 13 (498% and 278% of each 
paired control, respectively) as shown in Fig 2C. The recov- 
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CFU-GM/spleen 


Fig 2. Quantitative changes of neutrophils 
in blood. {A} CFU-GM in femoral bone marrow: 
(B) CFU-GM in spleen; and {C} CFU-GM in the 
mice after receiving 5-FU on day 0. A group of 
mice {O} were daily administered with rG-CSF 
(1 x 10° U/mouse/d) from day 0. Another 
group of mice (@) received only saline. Data 
represent mean value « SE obtained from four 
mice in each data point. 


ery from neutropenia in 5-FU-treated mice was accelerated 
by 5 x 10f to 2 x 10° units of rG-CSF in a dose-dependent 
manner {Fig 3). 


DISCUSSION 


Several laboratories have succeeded in large-scale produc- 
tion of hematopoietic factors from their cloned genes. Some 
of these recombinant factors are expected to be used as 
stimulators of hematopoietic restoration from anti-cancer 
drugs or irradiation-induced hematopoietic injury.’ Our 
observations described here support the possibility of thera- 
peutic applications of rG-CSF in neutropenia caused by 
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EFFECT OF rG-CSF ON HEMATOPOIETIC INJURY 


cancer chemotherapy. 5-FU in a dose of 200 mg/kg body 
weight caused severe neutropenia in mice. As shown in the 
results, it seemed that there were two stages in the process of 
granulopoietic recovery after being injured by 5-FU: The 
stage of regeneration of CFU-GM in bone marrow preceded 
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that of a CFU-GM increase in spleen. The administration of 
rG-CSF was much more effective in this second stage than in 
the first one. Thus, rG-CSF stimulated in vivo granulopotesis 
to accelerate recovery from neutropenia in an endotoxin-free 
system. 
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CONCISE REPORT 


Terminal Deoxynucleotidyl Transferase Expression Can Precede T Cell Receptor 
8 Chain and y Chain Rearrangement in T Cell Acute Lymphoblastic Leukemia 


By James M. Greenberg and John H. Kersey 


The nuclear enzyme terminal deoxynucleotidyl transferase 
(TdT) is thought to contribute to the diversity of certain 
immunoglobulin and T cell receptor gene rearrangements 
through the addition of random nucleotides at their vari- 
able (V)—joining (J) region junctions. An acute lymphoblas- 
tic leukemia (ALL) with an immature T ceil phenotype 
(CD7*, CD5*, CD1*, CD2*, CD3°, CD4”, CD8) was found 
to be TdT* with germline immunoglobulin heavy chain, T 


YMPHOID progenitor cells in the bone marrow are 
known to express the nuclear enzyme terminal deoxy- 
nucleotidyl transferase (TdT).' This enzyme catalyzes the 
random addition of free deoxynucleotides onto the 3- 
hydroxyl terminus of a nucleotide without the presence of a 
primer.’ Experimental evidence suggests that TdT may be 
responsible for the insertion of extra random nucleotides 
between variable (V), diversity (D), or joining (J) regions 
during the rearrangement of immunuglobulin heavy chain or 
T cell receptor 8 chain genes during lymphoid ontogeny. 
These added sequences have been designated as N regions 
and are thought to contribute to the potential diversity of the 
antigen receptors encoded by these genes.*“ 

Three structurally related rearranging genes are asso- 
ciated with T cells. Two of these genes code for the polypep- 
tide chains that compose the T cell receptor a/8 heterodim- 
er.*’ The third, Ty, is rearranged and expressed prior to Tf 
rearrangement during lymphoid ontogeny.*’° Recent evi- 
dence suggests that Ty encodes a novel CD3-associated 
antigen receptor polypeptide on a subpopulation of human 
lymphocytes." !? Ty has also been shown to contain N 
regions that contribute to its diversity.” 

A recent study indicates that TdT expression occurs 
during early T cell development.’* However, the precise 
temporal relationship between TdT gene expression and T 
cell receptor gene rearrangement during ontogeny 1s cur- 
rently unknown. This sequence is of some importance in light 
of the emerging data on the early development of Ty 
rearrangement and expression reported by ourselves and 
others.*? In this report, we describe an acute lymphoblastic 
leukemia of prothymocyte phenotype that has TdT expres- 
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celi receptor @ chain, and T celi y chain genes. The data 
indicate that TdT expression can precede Ty and T8 
rearrangament during T lymphoid ontogeny consistent 
with its proposed association with the T cell receptor 
rearrangament process. Southern analysis of certain cases 
of T-ALL may not result in the detection of a monocional 
population of cells. 
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sion but germline Ty, T8, and immunoglobulin genes. Our 
data suggest that TdT gene expression begins prior to TA and 
Ty rearrangement in T lymphoid progenitor cells. The 
results aiso indicate that early T cell leukemias may have 
germline T8 and Ty genes. 


MATERIALS AND METHODS 


Case history. The leukemic cells described in this study were 
obtained “rom the peripheral blood and bone marrow of a 26- 
year-old female who presented with leukocytosis, thrombocytopenia, 
and anem a during preoperative evaluation for an elective cesarean 
section. Bone marrow and peripheral blood contained 95% and 80% 
lymphoblests, respectively, at the time of diagnosis. There was no 
evidence of a thymic or mediastinal mass. The leukemic cells were 
myelopercxidase, chloroacetate esterase, and Sudan black B nega- 
tive. Cytochemical staining with nonspecific esterase and acid 
phosphatase was focal paranuclear positive suggestive of T lympho- 
blasts.“ 

A diagrosis of T cell acute lymphoblastic leukemia, FAB L2, was 
made on the basis of the morphologic, cytochemical, and immuno- 
phenotypiz analysis of the leukemic lymphoblasts (Table 1). The 
patient received induction chemotherapy with vincristine, daunoru- 
bicin, prednisone, L-asparaginase, and methotrexate and has been 
maintained in remission with additional chemotherapy for 25 
months. 

Peripheral blood and bone marrow specimens were obtained 
following nformed consent and utilized under guidelines established 
by the Uriversity of Minnesota Committee on the Use of Human 
Subjects i1 Research. 

Cells. Suspensions of mononuclear celis containing leukemic 
lymphoblests were prepared from peripheral blood or bone marrow 
by centrifugation through a discontinuous Ficoll-Hypaque (Pharma- 
cia, Piscataway, NJ) gradient. The mononuclear cells at the Ficoll- 
Hypaque interface were resuspended in RPMI medium supple- 
mented w th 5% fetal calf serum. Cell suspensions were either used 
immediately or frozen in liquid nitrogen following the addition of 
10% dime:hyl sulfoxide to the medium. 

Immunophenotypic analysis. Cells were analyzed for the pres- 
ence of various cell surface antigens associated with hematopoietic 
cells (Table 1).'°™ Following two washes in Ca*", Mg**-free 
phosphate-buffered saline, 10° cells were mixed with a saturating 
concentra.ion of murine or rabbit monoclonal antibody and allowed 
to incubate for 30 minutes at 4 °C. The cells were then washed twice 
and incubated for an additional 30 minutes at 4 °C with either a goat 
fluoresceia—labeled antibody (FITC-GaM) that detected an initial 
murine monoclonal antibody or a goat rhodamine—labeled antibody 
(RITC-G.xR) that detected an initial rabbit antibody. After three 
washes, the cells were analyzed with an automated fluorescence- 
activated low cytometer (Ortho Spectrum I cytofluorograf, Ortho 
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Table 1. Immunophenotypic Characteristics of Leukemic Celts 





Ciuster Positive 
Antibody Designation (%} Reference 
anti-TdT — 89 16 
3A 1 CD7 97, 95 17 
TA-1 — 86, 73 18 
T104 CDs 67, 66 19 
OKT6 CD01 32, 26 20 
35.1 CD2 34, 22 21 
OK TS CD3 7,2 20 
Leu-3 CD4 47,5 22 
OKTS Cd8 4,2 20 
HLA-DR e 18,8 23 
BA-1 CD24 1,0 24 
BA-2 Cbg 5, 1 25 
BA-3 CD10 4,1 26 
Bi CD20 13 27 
B4 cD19 19 28 
MCS-2 CDw13 5 29 
MY3 — 0 30 
MY4 CDw 14 2 31 
MYB ~ 1 31 
MY9 — 1 32 
3C5 — 2 33 
anti-TAC CD25 0 34 





Diagnostic Systems, Raritan, NJ, or FACS IV, Beckton-Dickinson, 
Mountain View, CA). Appropriate controls using cells stained only 
with FITC-GaM were used to assess autofluorescence, and control 
ascites fluid was used to determine the extent of background 
staining. The flow cytometer generated a fluorescence profile for 
each antibody tested allowing the percentage of antigen-positive 
cells to be determined. 

DNA extraction. High-molecular-weight DNA is extracted 
from bone marrow or peripheral blood mononuclear cells using a 
nuclei extraction technique as described by Bakhshi et al.” Isolated 
nuclei are lysed with sodium dodecyl sulfate (SDS) in the presence 
of proteinase K. The resultant viscous DNA solution is then 
extracted several times with phenol/chloroform/isoamy! alcohol 
(25:24:1) until the aqueous-organic interface is clear. Following a 
final extraction: with chloroform/isoamyl alcohol (24:1), the DNA is 
ethanol-precipitated with 5 mol/L NaCl and resuspended in a small 
amount of TE. buffer (10 mmol/L Tris Cl, 1 mmol/L EDTA, pH 
7.4). 

The concentration. of DNA samples is determined by measure- 
ment of the OD:s- DNA samples extracted by the aforementioned 
methods routinely give OD,,.:OD,,, ratios of 1.7 to 2.0. 

Probes. Rearrangements of Ty are detected with an 800 bp 
genomic DNA probe containing sequences that hybridize to both 
joining regions. of Ty. This probe was originally obtained from the 
laboratory of Dr J. Seidman, Harvard Medical School. It detects two 
germline EcoR| restriction fragments (3.3 kb and 1.8 kb). Rear- 
rangements of the 8 chain of the T cell receptor are detected with a 
770 bp cDNA probe that recognizes the constant region of T8 
obtained from Dr T.W. Mak, Ontario Cancer Institute. The T8 
probe hybridizes to two germline EcoR1 restriction fragments (11 
kb and 4.0 kb) or one germline BamHI restriction fragment (24 
kb)}.” Immunoglobulin heavy chain gene rearrangements were 
detected with a probe for the constant regions of the gene (Cy) 
obtained from Dr S.J. Korsmeyer, National Institutes of Health, 
Bethesda, MD. It detects a single 17 kb BamH 1 restriction fragment 
in germline DNA.” 

Southern blot analysis. Gene rearrangements are detected 
using the gel transfer technique first described by Southern.” 
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High-molecular-weight genomic DNA is digested to completion 
using a selected restriction endonuclease. The restriction fragments 
are then size fractionated by electrophoresis through 0.8% agarose 
and transfered from the gel toa nylon filter (Zetabind, AMF Cuno) 
in 20x SSC (1x SSC is 150 mmol/L NaCl, 15 mmol/L sodium 
citrate, pH 7.4). After washing and prehybridization, the filters are 
hybridized in 50% formamide at 42°C for 20 to 36 hours using 
probes labeled to high specific activity with “P by the random 
primer method.” The filters were then washed for 15 minutes in 2x 
SSC, 0.1% SDS followed by one to two hours in 0.1 x SSC, and 0.1% 
SDS at the appropriate stringency for the probe being used. Filters 
were exposed to film (XAR-5, Kodak), with one intensifying screen 
for two to seven days at —70 °C. 


RESULTS 


Mononuclear cells from bone marrow and peripheral 
blood were subjected to immunophenotypic analysis. The 
results obtained with each monoclonal antibody are summa- 
rized in Table 1. The malignant lymphoblasts had an immu- 
nophenotypic profile corresponding to immature thymocytes 
or prothymocytes. The cells were strongly positive for TdT, 
the CD7 antigen (3A1), the CDS antigen (T101), and the 
antigen detected by TA-1. Significant but lower levels of 
expression of the CD] (OKT6) and CD2 (35.1) antigens 
were also detected. There was no significant staining with 
monoclonal antibodies directed against cell surface antigens 
associated with B lymphoid or myeloid lineage cells. Mono- 
clonal antibody 3C5, which detects a cell surface antigen 
associated with very immature hematopoietic progenitor 
cells,” did not bind to the malignant cells. 

Southern blot analysis was performed in order to detect 
rearrangements of IgH, Ta, and T8 in the malignant cells 
(Fig 1). With each probe, a germline pattern was detected 
when directly compared with germline DNA obtained from 
placenta. We verified the T8 germline pattern seen in Fig | 
following EcoR1 digestion by performing the same analysis 
with BamH 1 and HindIII (data not shown). 

We, and others, have noted occasional instances when the 
TyJ probe detects rearrangement following BamHI diges- 
tion but not EcoR1.'**' Therefore, patient DNA was also 
analyzed for Ty rearrangement following BamHI digestion 
and found to be germline. 


DISCUSSION 


Our results demonstrate that TdT expression can precede 
T cell receptor gene rearrangement in lymphoid ontogeny. 
This is, to our knowledge, the first report of a TdT-positive T 
lymphoid malignancy with germline T8 and Ty and immu- 
noglobulin genes. The notion that TdT expression may 
precede VJ (or VDJ) recombination is compatible with its 
proposed role in the generation of N region diversity during 
the gene rearrangement process. 

The composite phenotype in this case is most consistent 
with that of an early thymocyte or prothymocyte. The lack of 
reactivity with a battery of myeloid and B lymphocyte 
lineage antigens, the lack of staining with myeloid cytochem- 
ical stains combined with expression of TdT, CD7, CDS, 
CD1, and CD2, all strongly argue for an early T lymphocyte 
lineage. 
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A recent report indicates that TdT expression as detected 
by an immunofluorescence assay may be spurious in PHA- 
stimulated peripheral blood mononuclear cells.** Because 
cells were not available for a biochemical determination of 
TdT activity, we cannot rule out the possibility that our 
immunofluorescence assay may be detecting a cross-reacting 
protein lacking TdT activity. However, the morphologic and 
immunophenotypic characteristics of leukemias of an imma- 
ture lymphoid phenotype have shown good concordance 
between immunofluorescence and biochemical determina- 
tions of TdT expression.” 

Recent reports suggest that CD7 (3A1) expression pre- 
cedes T8 rearrangement in T-ALL.'*** Our findings indicate 
that certain T cell-associated cell surface antigens such as 
CD1, CD2, and CDS as well as CD7 can be expressed prior 
to Ty as well as T8 rearrangement. Although the function of 
these antigens is not known, their expression in a lymphoid 
cell with an immature (prothymocyte-type) T phenotype 
prior to gene rearrangement suggests that some or all may be 
involved in the thymic homing process. 

The majority of lymphoid malignancies have a phenotypic 
counterpart in normal bone marrow, thymus, or peripheral 
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blood.“ Lymphoid cells with immunophenotypic characteris- 
tics similar to those in our patient (CD7*, TdT*) have been 
detected in the peripheral blood and bone marrow of normal 
individuals.* Thus, the leukemic cells are likely an accurate 
represen-ation of normal lymphopoiesis. However, occa- 
sional leukemias may not faithfully reflect early hemato- 
poietic events.“ The exceedingly low frequency of normal 
cells with this phenotype* makes DNA analysis of these cells 
not practical. 

Rearrangements of T cell receptor genes (T8 and Ty) can 
be detected by Southern blot analysis and have been used to 
detect clonal populations of malignant T lymphoid cells from 
bone merrow, peripheral blood, or lymph nodes.*** The 
results described above indicate that certain cases of T-ALL 
may not have detectable T cell receptor gene rearrangements 
even though they display a relatively unambiguous T pheno- 
type. In such cases, Southern blot analysis to detect clonal 
populations of malignant cells will not provide useful infor- 
mation. Thus, adequate characterization of lymphohemato- 
poietic malignancies continues to require a multidisciplinary 
approach including morphologic, immunophenotypic, and 
cytochernical analysis. 


Fig 1. Southern blot analysis of T-ALL 
DNA. DNA was digested with EcoR1 and 
probed with T@ (A); EcoR1 probed with TY (B); 
and BamH1 probed with Cy (C). Each T-ALL 
lane is accompanied by an identical Southern 
analysis of germline DNA obtained from human 
placenta. The sizes of the restriction fragments 
detected by each probe are indicated adjacent 
to each lane. 
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Marrow Purging in Autologous Bone Marrow Transplantation for T-Lineage 
Acute Lymphoblastic Leukemia: Efficacy of Ex Vivo Treatment With 
Immunotoxins and 4-Hydroperoxycyclophosphamide Against 
Fresh Leukemic Marrow Progenitor Cells 


By Fatih M. Uckun, Kazimiera Gajl-Peczaiska, Dorothea E. Meyers, Norma C. Ramsay, 
John H. Kersey, Michael Colvin, and Daniel A. Vallera 


A lymphoblast progenitor cell assay was used to evaluate 
the antileukemic efficacy of marrow-purging protocols that 
employed intact ricin immunotoxins (IT) and 4-hydroper- 
oxycyclophosphamide (4-HC) against clonogenic primary 
T-lineage marrow blasts freshly obtained from 12 T- 
lineage acute lymphoblastic leukemia (ALL) patients. 
Residual T-lineage blast colonies were observed after 
treatment with 1 g/mL T101 (anti-CD5)-Ricin (R) + G3.7 
{anti-CD7)-R in eight of 12 cases and after 100 ug/ml 4-HC 


HE PROGNOSIS of patients with T-lineage acute 

_ lymphoblastic leukemia (ALL) who experience bone 
marrow relapse while on maintenance therapy is poor. High- 
dose chemotherapy in combination with total body irradia- 
tion, followed by rescue with allogeneic or autologous bone 
marrow, is currently being investigated in a number of 
centers as an alternative to conventional chemotherapy for 
these high risk patients.'* 

Autologous bone marrow transplantation (BMT) circum- 
vents graft-v-host disease and results in a lower peritrans- 
plant morbidity or mortality than allogeneic BMT.' Autolo- 
gous BMT does not require a histocompatible sibling donor 
and therefore a larger number of patients can meet the 
eligibility criteria for autologous than for allogeneic BMT. 
However, the likely presence of contaminating leukemic 
progenitor cells in the autologous marrow grafts, especially 
when the marrow is harvested during second or subsequent 
remission, or first remission prior to leukemic relapse, is a 
major concern. 

A variety of immunologic? '*? and pharmacologic!!! 
Strategies are being evaluated for effective purging of resid- 
ual leukemic cells from autografts. Although most purging 
protocols have proved effective against established leukemic 
cell lines," none have been tested against clonogenic mar- 
row blasts taken directly from ALL patients. Therefore, 
there is no evidence that they can effectively eliminate 
residual ALL blasts from autografts. In the absence of data 
on fresh leukemic blast progenitors from ALL patients, it is 
difficult to evaluate and improve the efficacy of ex vivo 
marrow purging strategies. 

Herein,we report the results of a preclinical study examin- 
ing the efficacy of three distinct purging protocols at the level 
of T-lineage leukemic progenitor cells, using fresh leukemic 
marrow samples from 12 T-lineage ALL patients and blast 
progenitor cell assays. Specifically, we compared the antileu- 
kemic efficacy of (1) a cocktail of T101-R (anti-CDS5) and 
G3.7-R (anti-CD7) IT, (2) 4-HC, as well as (3) a combina- 
tion of both protocols, ie, combined immunochemotherapy 
against fresh clonogenic T-lineage ALL marrow blasts. We 
show that purging was not complete after IT or 4-HC 
treatment, and combined immunochemotherapy proved 
more effective than IT alone or 4-HC alone in many cases. 
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in six of nine cases. By comparison, a combination of IT and 
4-HC proved very effective against T-lineage leukemic 
progenitor cells, and no residual blast colonies were 
observed in any of the eight cases studied. We conclude 
that future trials should consider combined treatment 
protocols such as IT + 4-HC for more effective purging of 
autologous marrow grafts. 

è 1987 by Grune & Stratton, ine. 


MATERIALS AND METHODS 


Patient material, Twelve patients with T-lineage ALL were 
included in this study. Clinical and diagnostic data are summarized 
in Table |. Bone marrow aspirate samples were obtained by conven- 
tional methods. Morphological classification was performed on 
Wright-Giemsa stained slides using a modification of the original 
French-American-British (FAB) classification. Blast cells were iso- 
lated by a single centrifugation on Ficoll-Hypaque (1.077 g/cm’). 
Marker analyses by indirect immunofluorescence (IF) and flow 
cytometry were performed using a panel of monoclonal antibodies 
(mAb) that define T-lineage (ie, 35.1, T101, G3.7) and B-lineage 
(ie, BA-1, BA-3) leukocyte differentiation antigens as previously 
described (Table 1)? 

Colony assay for T-lineage ALL progenitor cells. Freshly 
obtained bone marrow blasts were cultured using a modification of a 
recently described assay system that allows reproducible prolifera- 
tion and colony formation of fresh marrow blasts from patients with 
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Table 1. Clinicai and Diagnostic Data on Patients with T-Lineage ALL 
immunophenotype of 
Marrow Siasts 
% Positive * 

Diagnosis New Case Bone Marrow CD2 CDS CO7 CD10 CD24 

UPN Sex/Age {yr} (FAB) or Relapse % Blasts 35.1 T101 G3.7 BA-3 BA-1 
1 M/16 L1 New 80 97 82 93 6 1 
2 M/5 L2 Relapse 81 73 83 91 13 5 
3 M/2 L1 New 76 85 84 26 0 (9) 
4 M79 L1 New 94 54 49 89 0 0 
5 M/8 LY New 100 96 8g 92 0 2 
6 F/12 i1 New 76 92 81 90 12 2 
7 M/10 L1 New 92 78 67 94 2 10 
8 M/7 L1 New 80 74 50 80 (8) 1 
9 M/3 L1 New 90 61 81 88 9 6 
10 M/11 ii New 98 96 87 93 2 0 
1 M/15 L2 New 75 86 34 51 0 2 
12 M/15 L1 Relapse 100 95 85 83 43 1 
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*The immunological marker profiles of marrow blasts were determined by indirect IF ard flow cytometry as described.” 
Results are expressed as the percentage (%) of blasts positive for each marker. 


B-cell precursor ALL.” In brief, density gradient~isolated and 
adherent cell-depleted fresh marrow blasts from T-lineage ALL 
patients were suspended after treatment with various purging 
reagents in alpha-MEM (minimum essential medium) supple- 
mented with 0.9% methylcellulose, 15% fetal calf serum (FCS), 15% 
platelet-rich fresh human plasma, 10% phytohemagglutinin-stimu- 
lated leukocyte-conditioned medium (PHA-LCM), 1,000 U/mL 
recombinant interleukin 2 (rIL-2) (generously provided by Dr 
Michael Widmer and the Immunex Corp, Seattle), and 50 wmol/L 
2-mercaptoethanol (2-ME). Duplicate |-mL samples containing 10° 
blasts were cultured in 35-mm Petri dishes for seven days at 37 °C in 
a humidified 5% CO, atmosphere. On day 7, blast colonies contain- 
ing > 20 cells were counted using an inverted phase microscope with 
high optical resolution. Subsequently, all colonies were pooled for 
morphologic, cytochemical, and immunologic analyses of colony 
blasts. In this assay system, blast colony formation is linear with 
respect to numbers of cultured cells between 5 x 10° and 5 x 10° 
leukemic blasts per mL per Petri dish (data not shown). Thus far, 
colony assays have been performed on 30 T-lineage ALL patients, 
and blast colony formation was obtained in 20 cases with a median 
plating efficiency (PE) of 0.372% (Uckun et al, unpublished data). 
in the 12 cases included in this study, sufficient marrow blasts were 
obtained to evaluate the antileukemic efficacy of IT and 4-HC. The 
extent of cytoxicity was expressed as Log Kill of T-lineage blast 
progenitor cells and was calculated as Log (PE of sham-treated 
blasts) /(PE of treated blasts). 

Cytochemical and immunoiogic analysis of colony blasts, Cells 
from pooled colonies were deposited on slides by cytocentrifugation. 
The morphology of colony blasts was studied in Wright-Giemsa 
stained cytospin preparations. Blasts were evaluated for acid phos- 
phatase (AP) activity using the conventional naphthol ASBI phos- 
phoric acid-fast garnet GMC method. For surface marker analyses 
by indirect immunofluorescence, we used the mAb 35.1, anti-CD2 
(T, p50); T101, anti-CD5 (T, p67); and G3.7, anti-CD7 (T, p41) as 
previously described.’ The terminal deoxynucleotidyl transferase 
(TdT) activity of colony blasts was determined by indirect IF on 
methanol-fixed cytospin preparations, using immunoadsorbent puri- 
fied rabbit anti-TdT serum (20 ug/mL) and FITC-conjugated goat 
F(ab’), antirabbit IgG (60 ug/mL). These antisera were a generous 
gift of Dr Frederick Bollum, Uniformed Services University of 
Health Sciences, Bethesda, Maryland. Furthermore, a standard 
dual IF staining technique was employed to study the co-expression 
of nuclear TdT and surface T-lineage antigens. Briefly, methanol 


fixed cytaspin preparations were first subjected to indirect IF 
staining with rabbit anti-TdT serum and fluorescein-isothiocyanate 
(FITC)-conjugated goat F(ab’), antirabbit IgG. Subsequently, an 
equimolar cocktail of T101 and G3.7 mAb at 20 g/mL, followed by 
two washes in phosphate-buffered saline (PBS) and incubation with 
rhodamine-conjugated goat F(ab’), antimouse IgG + IgM (Tago, 
Burlingame, CA), was used to stain surface CD5 and CD? determi- 
nants. 

Source of purging reagents and ex vivo treatment condi- 
tions. YF against CD5 and CD7 determinants were synthesized at 
the University of Minnesota by conjugating T10! (IgG2a, anti- 
CD5) and G3.7 (igG1, anti-CD7) mAb to intact ricin as described 
earlier.”'° GK 1.5, which recognizes the p52 surface determinant on 
murine T cells, was also linked to ricin as previously described’ and 
used as ar irrelevant control IT. Details of the chemical conjugation 
procedure, immunoreactivity, cytotoxicity, and kinetics of action of 
the generated IT against leukemic T cell lines in protein synthesis 
inhibition and clonogenic assays, their potentiation by in vitro active 
cyclophosphamide congeners, as well as their effects on normal 
committed monopotent and multilineage bone marrow progenitor 
cells were published in previous reports.’*'° These IT were extremely 
toxic against leukemic T cell lines but only minimally toxic to normal 
bone mar-ow progenitor cells.”'? Standard ex vivo treatment condi- 
tions with IT, 4-HC, and a combination of IT and 4-HC were 
established in earlier studies. U They represent the clinical mar- 
row purging protocols in autologous BMT for T-lineage ALL at 
Minnesota and Baltimore. In brief, cells (10’/mL) were treated with 
(1) 1 ug/nL IT (an equimolar cocktail of T101-R and G3.7-R) for 
two hours at 37 °C in the presence of 200 mmol/L lactose (Minne- 
sota protocol), (2) 100 mg/mL 4-HC for 30 minutes at 37°C 
(Baltimore protocol), or (3) a combination of | ug/ml IT (two 
hours, 37 °C) and 100 wg/mL 4-HC (30 minutes, 37 °C; 4-HC was 
added during the last 30 minutes of the IT treatment). Controls 
included leukemic marrow samples treated with (1) lactose only, (2) 
an equimolar cocktail of unconjugated T101, G3.7 mAb (0.750 
pg/mL), and free ricin (0.300 pg/mL), (3) control IT GK1.5-R (1 
ug/ml), or (4) GK1.5-R (I pg/mL) + 4-HC (100 g/mL). 


RESULTS AND DISCUSSION 


Clinicai and diagnostic features. Twelve patients with 
T-lineage ALL were studied. Patient data are summarized in 
Table | The patients ranged in age from 2 to 16 years 


tor 


Fig1. (A) Picture of part of Petri dishes 
containing compact clusters and colonies of 
T-lineage lymphoblasts cultured for seven 
days (x5). (B) Wright-Giemsa stained cells 
pooled from day 7 blast colonies in (A). Note 
the blast morphology with a basophilic 
cytoplasm, irregular nuclear membrane, 
prominent nucleoli, and vacuolation. (C) 
Colony blasts were evaluated for acid phos- 
phatase activity. Note the focal paranucilear 
distribution of the stain. (D) Phase con- 
trast. (E) Dual IF evaluation of colony blasts 
in the field shown in (D) for nuclear TdT and 
surface CD5 and CD7. 
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(median: 9 years). There were 11 males and one female. Two 
patients were in relapse and ten were newly diagnosed. Ten 
patients were morphologically classified as L1 ALL, while 
the subtype of the remaining two was L2. Bone marrow 
aspiration samples evaluated in the present study contained 
75% to 100% blasts (median: 86.5%). No patient expressed 
the B-lineage—associated surface determinant CD24 recog- 
nized by BA-1 mAb. In contrast, the vast majority of cells 
from all patients reacted with 35.1, T101, and G3.7 mAb, 
which recognize distinct T-lineage differentiation antigens 
(Table 1). Only one of the 12 patients (unique patient 
number [UPN] 12) had >20% CD10/CALLA” marrow 
blasts. These immunologic marker profiles are consistent 
with T-lineage affiliation. 

Colony assays and analysis of colony blasts. Successful 
cultures were obtained from fresh marrow samples in all 12 
cases. Day 7 blast colonies were compact and contained 50 to 
500 cells (Fig 1, Table 2). The PE of blast progenitor cells 
varied from 0.049% (ie, 49 colonies per 10° BM blasts) to 
1.546% (ie, 1,546 colonies per 10° BM blasts) with a median 
PE of 0.320% (Table 2). The cells from pooled colonies 
showed >95% viability, as estimated by trypan blue exclu- 
sion. They had blast morphology with a basophilic cyto- 
plasm, irregular nuclear membrane, and prominent nucleoli 
(Fig 1). As shown in Fig 1, colony blasts displayed a strong 
AP activity in a predominantly focal paranuclear distribu- 
tion. A minor component of the AP activity was in the form 
of coarse granules irregularly scattered in the cytoplasm. 
Blasts from pooled colonies showed a marked heterogeneity 
in expression of T-lineage—associated surface determinants 
(Table 2). Despite this heterogeneity, colony blasts in each 
case were found strongly positive for at least two T-lineage 
markers. Besides surface marker analyses, colony blasts were 
also tested for nuclear TdT activity and found strongly 
positive in all patients. In dual IF analyses, we found that 
75% to 100% (median: 85%) of colony blasts in all studied 
cases were nuclear TdT—positive and strongly reacted with 
an equimolar cocktail of T101 and G3.7 mAb (Table 2, Fig 
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1}. These marker profiles are consistent with T-lineage 
ALL. 

Effects of intact ricin IT and 4-HC on fresh T lineage 
ALL blast progenitors. Table 3 shows the efficacy of the 
clinical Minnesota and Baltimore purging protocols against 
leukemic bone marrow progenitor cells freshly obtained from 
T-lineage ALL patients. Treatment with an equimolar cock- 
tail of Ti0I-R and G3.7-R at | g/mL (4.8 nmol/L) 
resulted in a significant inhibition of T-lineage blast colony 
formation in all 12 cases, whereas a mixture of free T101, 
G3.7 mAb (0.75 ng/mL = 5 nmol/L), and unconjugated 
ricin (0.30 ng/mL = 5 nmol/L) cid not elicit a significant 
inhibition of blast progenitor cells. Control IT GK1.5-R did 
not affect the colony-forming ability of T-lineage ALL 
progenitor cells (Table 3). Furthermore, [T101-R + G3.7- 
R] IT-cocktail only minimally inhibited normal myeloid (ie, 
CFU-GM), erythroid (BFU-E, CFU-E), or early multi- 
lineage (CFU-GEMM) bone marrow progenitor cells at | 
g/mL {data not shown). These findings illustrate the 
selectivity and cell-type specificity of IT-mediated inhibition 
of T-lineage blast progenitors. The inhibition of leukemic 
progenitor cells ranged from 0.7 log (=79.7%) to >3.0 logs 
(=99.9%). However, purging was not complete, and residual 
T-lineage blast colonies were observed after this ex vivo 
marrow treatment regimen in eight of 12 cases (UPNs 1, 
4-10). 4-HC was also a highly potent inhibitor of leukemic 
T-lineage progenitor cells. The inhibition of T-hneage blast 
progeniters after treatment with 100 ug/ mL (=341 umol/L) 
4-HC ranged from 0.5 log (~64.7%) to 2.5 logs (=99.8%). 
However, purging was not complete, and residual blast 
colonies grew in six of nine cases (UPN 1, 4, 6, 8, 10, and 12). 
By comparison, in two independent experiments, 100 ug /mL 
4-HC completely inhibited CFU-GM, BFU-E, and CFU- 
GEMM from normal marrow samples (not shown). 

A combination of [T101-R + G3.7-R] IT-cocktail (lug/ 
mL) and 4-HC (100 pg/mL) was effective against leukemic 
progeniter cells from T-lineage ALL patients, and no resid- 
ual blast colonies were observed after this treatment protocol 


Table 2. Colony Growth and Immunological Features of Colony Blasts 


immunophenotype of Colony Biasts (%)* 





Average Seer Dual Color IF : 
Blasts Colonies/ PE Colony Size meneren TdT* & TdT* & TdT” & TdT” & 

UPN 10° BM MNC {%6} (cells) TdT cD2* COB” CO7° CD5,7° CDS,7° C05,7° CD5.7 
1 308 (260, 356) 0.308 200-800 100 5 86 84 95 0 2 3 
2 52 (50, 53) 0.052 200-500 ND ND NC ND 81 0 7 12 
3 54 (48, 60) 0.054 50-200 80 49 21 84 75 G 19 6 
4 703 (691, 715) 0.703 100-500 ND 80 74 60 75 0 10 15 
5 1546 (1381, 1711) 1.546 50-100 100 90 94 86 93 ? 0 0 
6 1099 (991, 1207) 1.099 50-500 95 41 78 52 ND ND ND ND 
7 49 (41, 57) 0.049 200-500 ND 84 98 72 75 6 3 16 
8 399 (350, 448) 0.399 100-200 ND 75 85. 70 93 0 3 4 
9 331 (325, 336) 0.331 100-200 100 85 78 95 91 0 3 6 
10 227 (210, 244) 0.227 200-500 ND 95 75 74 85 10 0 5 
11 56 (47, 65) 0.056 200-500 ND 69 75 84 78 18 1 3 
12 1045 (1002, 1088) 1.045 50-200 100 99 9& 24 100 0 0 0 


a cn gk a a a i a a a ate 
Abbreviations: MNC, mononuclear cells; PE, plating efficiency; ND, not determined. 
*The immunological marker profiles of day 7 colony blasts were evaluated in cytospin preparations by indirect iF as described.” Quantitative data were 


obtained from examination of 100-200 celis. Results are expressed as percentage (%) of immunofiuorescent cells. 
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Table 3. Effects of intact Ricin IT and 4-HC Treatment on Fresh T-Lineage Leukemic Marrow Progenitor Celis From T-Lineage ALL 








Patients 
Mean Number of T-Lineage Blast Colonies/ 10° BM MNC Log Kill of T-Lineage Leukemic Progenitor Cells* 
T101mAb T101-R T101-mAb TIO-R 
+ + + + 
G3. 7mb T101-R GK 1.5-R G3.7-R G3.7mAb TIO -R GK 1.5-F G3. 7-A 
No + + + + + + + + 
UPN Treatment R GK 1.5-R G3.7-R 4-HC 4-HC 4-HC R GK 1.5-R G3.7-R 4-HC 4-HC -HC 
1 308 187 354 1 0.5 1 0 0.2 0.0 2.5 2.5 2.5 2.5 
2 52 37 55 0 ND ND ND 0.1 0.0 >1.7 ND ND ND 
3 54 ND ND 0 0 ND 0 ND ND >1.7 >47 ND >» 1.7 
4 703 452 ND 57 8 ND 0 0.2 ND 1.1 1.9 ND > 2.8 
5 1546 957 1325 19 ND ND ND 0.2 0.1 1.9 ND ND ND 
6 1099 1217 1025 3 53 35 0 0.0 0.0 2.6 1.3 1.5 >30 
7 49 ND ND 4 0 ND 0 ND ND 1.1 >1.7 ND >1.7 
8 399 274 351 4 141 107 0 0.2 0.4 2.0 0.5 0.6 > 2.6 
9 331 296 350 2.5 ND ND ND 0.0 0.0 2.1 ND ND ND 
10 227 ND ND 46 48 ND 0 ND ND 0.7 0.7 ND > 24 
14 56 ND 73 0 0 0 0 ND 0.0 >1,7 >47 >1.7 >1.7 
12 1045 973 1100 O 123 90 0 0.0 0.0 > 3.0 0.9 ee >30 


Abbreviations: MNC, mononuclear cells; ND, not determined. 


*Fresh T-lineage ALL blasts were cultured after various treatment regimens for seven days and assayed for colony formation as described in Materials 
and Methods. IT were used at 1 ug/ml and 4-HC at 100 ug/mL. Log Kill was calculated as Log (PE of sham-treated biasts}/(PE of treated blasts). 


in any of the eight cases studied. In five of these eight cases 
(UPNs 1, 4, 6, 8, and 10), residual blast colonies were 
observed after treatment with [T101-R + G3.7-R] or 4-HC 
alone. In none of the eight cases was the combined protocol 
less effective than IT or 4-HC alone. The additional killing 
was specific and not due to some unexpected interactions 
between ricin IT and 4-HC, since irrelevant IT GK1.5-R 
only minimally affected the cytotoxicity of 4-HC against 
fresh clonogenic T-lineage ALL blasts (Table 3). As with 
100 wg/mL 4-HC alone, no in vitro hematopoietic colonies 
(ie, no CFU-GM-, BFU-E-, CFU-E, or CFU-GEMM- 
derived colonies) were obtained after treatment of normal 
marrow samples with this combination protocol in any of 
three independent experiments (data not shown). It may not 
be necessary to use 4-HC at as high as 100 ug/mL if it is 
combined with IT. In four patients (UPN 1, 4, 6, and 8), no 
residual T-lineage blast colonies were observed after treat- 
ment with a ten-fold lower concentration of 4-HC (10ug/ 
mL) and [T101-R + G3.7-R] (1 ug/mL), a purging protocol 
that only minimally affected normal monopotent (CFU-GM, 
BFU-E, and CFU-E) or multilineage (CFU-GEMM) mar- 
row progenitor cells (data not shown). 

In summary, we have compared the antileukemic efficacy 
of clinical marrow purging protocols employing IT and 4-HC 
for autologous BMT in T-lineage ALL at the level of 
leukemic T-lineage marrow progenitor cells, using fresh 
marrow samples from 12 T-lineage ALL patients. These 
studies are of special interest because, to our knowledge, they 
represent the first analysis of the antileukemic efficacy of 
clinical purging protocols against fresh clonogenic ALL 
blasts. Two major findings are that (1) leukemic marrow 
progenitor cells from T-lineage ALL patients were quite 
sensitive to the lethal actions of ricin and 4-HC, and (2) an 
intact ricin IT-cocktail directed against CDS and CD7 
surface determinants, as well as 4-HC, could efficiently kill 


T-lineage blast progenitors. Nevertheless, our findings also 
indicate that these purging protocols may be suboptimal, and 
combined immunochemotherapy may be a more effective 
purging strategy in autologous BMT for T-lineage ALL. 
These data are consistent with and further extend the 
published experience on the clinical potential of combined 
purging protocols for autologous BMT in ALL. 034 The 
leukemic T-lineage progenitor cell assay described in this 
paper provides a basis for future comparative studies of 
different clinical purging protocols. Despite its obvious 
advantages over clonogenic assays which employ homoge- 
neous cell lines, this colony assay is limited in its sensitivity 
because of the low plating efficiency of fresh leukemic 
progenitor cells. Nevertheless, we were able to compare the 
efficacy of three distinct purging protocols at a sensitivity 
level of 3 logs. Further improvement of the sensitivity may be 
achieved by defining better in vitro growth conditions for 
T-lineage ALL blasts. 

In view of recent clinical data showing that posttransplant 
leukemic relapse remains a major unsolved problem in both 
allogeneic and autologous BMT for ALL,' we conclude that 
future autologous BMT studies in ALL should focus on 
designing more effective cytoreductive preparative regimens, 
and application of combined treatment protocols such as IT 
+ 4-HC for more effective purging of autografts should be 
considered. A clinical phase I trial would be required to 
verify the repopulation capacity of autografts purged ex vivo 
with IT + 4-HC, since the toxicity to repopulating pluripo- 
tent human bone marrow stem cells cannot be measured by 
currently available in vitro cell culture techniques. 
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INTERNATIONAL SOCIETY OF HEMATOLOGY (ISHPAD) 
VI INTERNATIONAL CONGRESS OF THE ASIA-PACIFIC DIVISION 


December 7-10, 1987 
Bombay, India 


The Organizing Committee of the VI Congress has assigned Mr. Aloke C. Bagchi to function as the Official Liaison and 
Program Coordinator for the United States and Canada for the promotion and dissemination of Congress information and the 
handling of all special travel programs for the delegates and their spouses from North America. 


All ASH members are welcome to contact Mr. Bagchi at 6101 N Talman Ave, Chicago, IL 60659-0557, telephone (312) 
465-8337, for the Congress brochure, registration forms, and information pertaining to the Congress and the special economy 
program for India and Nepal. 
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BAYLOR UNIVERSITY MEDICAL CENTER, DALLAS, TEXAS 
“ONCOLOGY PRACTICE 1987: A PERSPECTIVE” 
Snowmass, Colorado 
February 1-7, 1987 


For further information, contact: Stephen E. Jones, MD, Sammons Cancer Center #4800, Bayior University Medical 
Center, 3500 Gaston Avenue, Dallas, TX 75246 
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AMERICAN BOARD OF INTERNAL MEDICINE 
1987 SUBSPECIALTY EXAMINATIONS IN MEDICAL ONCOLOGY 
AND CRITICAL CARE MEDICINE 


Registration Period: January 1, 1987 through April 1, 1987 
Examination Date: November 10, 1987 


For information and applications forms, please contact: Registration Section, American Board of Internal Medicine, 3624 
Market Street, Philadelphia, PA 19104. 
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CLINICAL HEMATOLOGY AND ONCOLOGY: 1987 


February 16-18, 1987 
Sponsored by Scripps Clinic and Research Foundation, San Diego, CA 
Laurence Harker, MD, Program Chairman 


This conference is designed for hematologists, oncologists, internists, pediatricians, and pathologists interested in the 
diagnosis and management of hematologic and oncologic disorders. An outstanding faculty from across the country has been 
assembled to discuss various aspects of these fields, to aid clinicians in sorting out the important from the trivial, and to help 
identify those recent advances which will withstand the test of time. 21 hours Cat. L 


For further information and application forms, contact: Bonny Mower, Department of Academic Affairs, Box 400S, 
Scripps Clinic and Research Foundation, 10666 N Torrey Pines Rd, La Jolla, CA 92037. Telephone (619) 457-8446. 
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AMERICAN SOCIETY OF HEMATOLOGY 
Spring Symposium on Hematopoietic Growth Factors 


Durham, North Carolina 
April 20-21, 1987 


The American Society of Hematology is holding a two-day symposium on hematopoietic growth factors sponsored by 
Burroughs Wellcome Company, to be held at the Searle Center in Durhara, North Carolina on April 20 and 21, 1987. The 
topics will include the molecular biology of the hematopoietic growth factors, their biological actions, and the results of in vivo 
studies with these molecules in experimental animals and humans. Among the participants will be Steven Clark, Malcolm 
Moore, David Golde, Judith Gasson, Ken Kaushansky, Gordon Wong, Peter Quesenberry, John Adamson, and Colin Sieff. 

Additional information and details of the program are available thrcugh Dr Wendell F. Rosse, PO Box 3934, Duke 
University Medical Center, Durham, NC 27710. Individuals interested in submitting abstracts or poster presentations, or 
preregistering are encouraged to do so by March 1, 1987. Maximum registration: 200. 


ERRATUM 
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In the article by Griesser et al entitled “The Structure of the T Cell Gamma Chain Gene in Lymphoproliferative Disorders 
and Lymphoma Cell Lines” which appeared in the August 1986 issue (Volume 68, pp 592-594), two errors were made. In the 
abstract, the sentence “TcRy was rearranged in all T cell lymphomas and B cell lymphoma cell lines” should read “Tery was 
rearranged in all T cell lymphomas and in some B cell lymphomas and B zell lymphoma cell lines.” The last sentence in the 
introduction should read: “These studies indicate that rearrangement of Tery occurs before Ter@ and that rearrangement of 
the y chain locus by itself is a poor indicator of cell lineage.” 
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DIRECTOR OF 
BONE MARROW 
TRANSPLANT 
PROGRAM 


TEMPLE UNIVERSITY HEALTH SCIENCES 
CENTER is seeking a Board Certified MD 
(Hematology and/or Oncology) to serve as 
Director of Bone Marrow Transplant Pro- 
gram. The position is at Associate Pro- 
fessor/Professor level tenure track. The 


Assistant/Associate Blood 
Bank Medical Director 


} 
| 
| 
! 
Barnes Hospital is a 1200-bed teaching hospital 
affiliated with Washington University Medical 
Center providing complete medical and surgical 
specialty services, active cardiac, renal, liver, and | 
bone marrow transplantation programs as well as 
6000 apheresis procedures annually. Closely 
integrated training affiliation with Missouri-Illinois | 
Red Cross Regional Blood Program. The tenure 
l 
| 
i 
| 
| 
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position involves teaching, research and 
clinical care with major responsibilities for 
the Bone Marrow Transplantation Pro- 
gram. Please respond to: 


track assistant or associate professor appointment 
involves shared teaching, investigative, and 
administrative responsibilities. Well-equipped 
research laboratory facilities provided. Interested 
individuals should submit resumes (including three 
references) to: 
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Dr. R. Colman 
Chiet of Hematology/Oncology 


TEMPLE UNIVERSITY 
HEALTH SCIENCES CENTER 
Philadelphia, PA 19140 


Hugh Chaplin, MD 

Barnes Hospital Blood Bank 
Box 8118 

4949 Barnes Hospital Plaza 
St. Louis, MO 63110 
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For Alexander, 

who cant produce 
enough antibodies 
to tight infection... 


Young or old, patients without sufficient levels of 
antibodies face overwhelming infection. ..and 
they urgently need help. Aggressive IGIV 
treatment with GAMIMUNE* N gives these 
patients the edge that may make the difference: 
antibodies against major bacterial, viral and fungal 
pathogens, in just minutes. . 

For patients like Alexander, GAMIMUNE* N 
provides premium IGIV: immune globulin that 
contains at least 98% pure gamma globulin’; 
unmodified “native” IgG with immunologic 
activity of normal plasma; and documented ix 
vitro inactivation of HTLV-II] virus* during 
fractionation from plasma to final gamma 
globulin.” 

When patients don't have enough antibodies 
to fight infection, like Alexander, it’s nice to know 
that GAMIMUNE* N does. 


Aggressive IGIV treatment in 
immunodeficiency syndromes. 
Also for both chronic and 

acute [TP in children and adults. 


Gamimune N 
Immune Globulin 

Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 


No more expensive than 
other IGIV therapy, 
GAMIMUNE’ N may, in 


ns oS A ak ah ae ie E Bry os Ta st g'h 
some cases, be less 





factor is that GAMIMUNE® N 
is aconvenient, ready-to-use, 
liquid formulation that saves 
valuable pharmacy time. 





COST 














* The Cohn-Oncley process used to produce 
Gamimune”N has been challenged pr tiro 
with a virus spike of 1 x 10° TCID (Tissue 
Culture Infectious Doses) of HTLV-I and 
found to remove and/or inactivate the viral 
challenge. In addition, Garrumune®N 
undergoes an incubation step as a fina! 
container which has been shown to effect 
an additional 1 x 10° to 1 x 10° TCID (Tissue 
Culture Infectious Doses} reduction of 
HTLV-II? 


Please see following page for brief summary 
of prescribing information 





Gammune N 


immune Globulin 
Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 


CLINICAL PHARMACOLOGY 

Garumune” N supplies a broad spectrum of opsonic and neutralizing igG antibodies for 
the prevention or attenuation of a wide variety of infectious diseases. As Gamimune” Nis 
administered intravenously. essentially 100% of the infused IgG antibodies are immedi- 
ately available in the recipient's circulation. A relatively rapid fallin serum IEG level in the 
first week post-infusion is to be expected: this decrease averages 50% of the peak levei 
achieved immediately post-infusion and is mainly due to the equilibration of igG between 
the plasma and the extravascular space. The in vivo half-life of Gamumune’ N equals or 
exceeds the three week hait-jife reported for IgG in the hterature. but individual patient 
variation in nalfdife has been observed Thus, this variable as weli as the amount of 
immune globulin administered per dase 1s important in determining the frequency of 
admirustration of the drug for each individual patient. 

The intravenous administration of solutions of maltose has been studied by several 
investigators. Healthy subjects tolerated the infusions well, and no adverse effects were 
observed at a rate of 0 25 g maitose/kg body weight per hour in safety studies conducted 
by Cutter Biological, infusions of 10% maltose administered at 0.27-0.62 g maitosekg 
per hour to normal subjects produced either muid side effects (e.g. headache) or no 
adverse reaction. Following intravenous administrations of maltose, maltose was 
detected in the peripheral blood, there was a dose-dependent excretion of maltose and 
glucose in the unne and a mild diuretic effect. These alterations were well tolerated with 
out significant adverse effects. The highest recommended infusion rate, O08 mL/kg 
body weight per minute (see DOSAGE AND ADMINISTRATION). is equivalent to 0.48 g 
maitose/kg body weight per hour 

The buffer capacity of immune Globulin Intravenous (Human) 5% (in 10% Maltose), pH 
4.25-—-Gamimune" Nis 16.5 mEqg/t (~ 0.3 mEaq/g protein}. a dose of 150-400 mg/kg (3:8 
musk) body weight therefore represents an acid load of 0.0495-6.1320 meEqikg body 
weight. The total buffering capacity of whole blood in a normal indwidual 1s 45-50 mEq/t 
of blood, or 3.6 mEq/kg body weight. Thus, the acid load delivered in the largest dose of 
Gamimune® N would be neutralized by the buffering capacity of whole blood alone, even if 
the dose were infused instantaneously. (An infusion usually lasts several hours. } 

in Phase | human studies, no Change in arterial biood pH measurements was detected 
following the intravenous administration of Gamumune” N at a dose of 150 mg/kg body 
weight: following a dose of 400 mg/kg body weight in 37 patients, there were no clinically 
important differences in mean venous PH or bicarbonate measurements in patients who 
received Garnmune® N compared with those who received a chemucaily modified mtra- 
venous immunoglobulin preparation with a pH of 6.8. 

In patients with limited or compromised acid-base compensatory mechanisms, consid- 
eration should be given to the effect of the additional acid load Gamimune” N might 
present, 

INDICATIONS AND USAGE 

immunodeficiency Syndromes: Gamimune® N 1s indicated for the mamtenance treat- 
ment of patients who are unable to produce sufficient amounts of IgG antibodies. Usage 
of Gamimune™ N may be preferred to that of intramuscular immunoglobulin preparations. 
especiaily in patients who regure an immediate increase in intravascular immunoglobulin 
levels, in patients with a small muscle mass, and in patients with bleeding tendencies in 
whom intramuscular injections are contraindicated. It may be used in disease states such 
as congenital agammagiobulinemia (e.g, X-linked agammagiobulinemia}, COMMON vania- 
ble hypogammagiobulinemia. X-linked immunodeficiency with hyper IBM and in severe 
combined immunodeficiency 

idiopathic Thrombocytopenic Purpura (ITP): Investigations in both chidren and adults 
have shown that Gamimune* N may initiate a therapeutic increase in the platelet count. in 
clinical studies of Gamimunet N, five of six (83.3%) children and 10 of 16 (62. 5% } adults 
with acute or chronic ITP demonstrated clinically significant increments in the plateiet 
count during of following an iutial treatment course wilh Gamunune® N ata dase of 400 
mg/kg body weight daily for five days. The duration of the platelet nse following treatment 
of ITP with Gamimune” N was variable, ranging from several days up to 12 months or 
more. Several ITP patients demonstrated continuing responsiveness over Many months 
to intermittent Gamimune™ N 400 mg/kg body weight single dose maintenance courses. 
Iwo of three children with acute ITP treated with Gamumune* N rapialy went into complete 
remission. However childhood ITP may respond spontaneously without treatment Four 
patients with refractory ITP were able to undergo major surgical procedures as a result of 
the rapid rise in platelet count associated with Gamimune™ N treatment. 

in addition. one patient with severe thrombocytopenia due to post-transfusion purpura 
(PLA alloimmune antibody with platelet anti PLA specificity} also responded fo treatment 
with Gamimune® N, ata dose of 400 mg/kg body weight daily for 5 days. there was a rapid 
rise in the platelet count commencing on the third day of treatment. 

it is presently not possible to predict which patients with [TP will respond to therapy, 
although the increase in platelet counts in children seems to be better than that of adults. 
In clinical situations in which a rapid nse in platelet count is needed to control bleeding or 
to allow a patient with ITP to undergo surgery. administration of immune Globulin Intra- 
venous (Human) 5% fin 10% Maitose), pH 4.25--Gamimune™ N should be considered, in 
patients in whom a response is achieved, the rise of platelets is generally rapid (within 1-5 
days). transient (most often lasting from several days to several weeks} and should not be 
considered curative. in some patients who relapse. a maintenance dose of Gamimune” N 
administered every several weeks may be of benefit once the platelet count decreases to 
clinically hazardous levels (see DOSAGE AND ADMINISTRATION}. 

CONTRAINDICATIONS 

Gamimune®* Nis contraindicated in individuals who are known to have had an anaphylachic 
or severe systemic response to immune Globulin (Human). Individuals with selective IgA 
deficiencies who have known antibody against IgA fantrigA antibody} should not receive 
Garnimune”® N since these patients may experience severe reactions fo the IgA which may 
be present. 


WARNINGS 
Gamimune” N should be administered cnily intravenously as the intramuscular and subcu- 
taneous row es Nave not been evaluated. 

Garnmuns” N may. on rare occasions. Cause a precqitous fall m blood pressure and a 
cirucal picture of anaphylaxis. even when the patient is not known to be sensitive to 
immune glooulin preparations. These reactions may be related fo the rate of infusion. 
Accordingly, the infusion rate given uader DOSAGE AND ADMINISTRATION shouid be 
closely folloved. at least until the physician has had sufficient expenence with a given 
patient. The patents vitai signs should be monitored conunudusly and careful observa- 
gon made fcr any symptoms throughout the eatire infusion. Epinephrine should be aval. 
abie for the reatment of an acute anaphylactic reactian. 

PRECAUTIONS 

General: Any vial that has been entered should be used promptly. Partially used vigis 
should be dscarded Do not use if turbid. Saluton which has been frozen should not 
be used 

Drug Interactions: if dilution is requirec, Gamumune™ N may be duuted with 5% dextrose 
in water (D5’W). No other drug interactions or compatibilities have been evaluated Itis 
recommend that infusion of Gammmune” N be given by a separate line, by itself, without 
mixing with other intravenous fluids or medications the patient mmgnt be recewing. 
Pregnancy Tategory C: Anima! reproduction studies have not been conducted with 
Gamumune” N. itis not known whether Gamimune® N can cause fetal harm when admir- 
istered to a pregnant woman or can afect reproduction capacity Gamimune” N should 
be given to é pregnant woman only if clearly needed. 

ADVERSE REACTIONS 

ina study of 37 patients with immunodeficiency syndromes receiving Garmmune" Nata 
monthly dose of 400 mg/kg body weight, reactons were seen in 5.2% of the infusions of 
Garmmune” N. Symptoms reported with Gamimune™ N included malaise, a feeling of 
faintness. fever chills. headache, nausea, vorvtng. chest tightness, dyspnea and chest. 
back or hip pain. in addition. mild erythema following infiltration of immune Globulin Intra- 
venous (Human) 5% fin 10% Maltose), pH 4. 25~-Gamimune” N at the infusion site was 
reported in some cases. 

in further studies of Gamimune™ Nin the treatment of both adut and pediatrie patients 
with ITP sys emie reactions were noted in only 4 of 154 (2.6% infusions, and all but one 
occurred at <ates of infusion greater than 0.04 ml/kg body weight per minute. The symp 
toms reported included chest ughtness, a sense of tachycardia {puise was 84 beats per 
minute), anc a burning sensation in the pead, these symptoms were ail mid and transient 
Erytherna, pan, phlebitis, or eczematous reactions at the infusion site were aiso reported 
following infusion of Gamimune™ N to aduit ITP patients. These reactions Occurred in 
116% of the infusions of Garnimune”™ N andan 43.8% of the adult ITP population. No 
pediatric pa ients expenenced localized reactions at the infusion site 

in the studies undertaken to date, other types of reactions have not been reported with 
Gamimune” N. it may be. however, that adverse effects wil be simular to those previously 
reported with intravenous and intramuscular immunoglobulin administration. Potential 
reactions. therefore, may also include anxiety, flushing, wheezing. abdominal cramps, 
myalgias, arhraigia, and dizziness: rash has been reported only rerely. Reactions to mtra 
venous immunoglobulin tend to be related to the rate of infusian. 

True anaphylactic reactions to Gamimune” N may occur in recipients with documented 
prior histones of severe allergic reactions to entramuscular immunoglobulin, but some 
patients mey tolerate cautiously adrainistered intravenous immunoglobulin without 
adverse effects. Very rarely an anaphylactord reaction may occur in patients with ne prior 
history of severe allergic reactions to eather intramuscular or intravenous 
ummunoglobulir:. 

DOSAGE AND ADMINISTRATION 

immunodef ciency Syndromes: The usual desage of Gamumune’ N for prophylaxis in 
immunodeficiency syndromes is 100-200 mg/kg (2-4 mL/kg) of body weight adminis: 
tered approximately once a month by intravenous infusion. if the chnical response is 
inadequate, or the level of IgG achieved in the circulation is felt to be insufficient, the 
dosage may be given more frequentiy or increased as mgh as 400 mg/kg (8 rmiskg) 
body weignt 

Idiopathic Thrombocytopenic Purpura: An increase in platelet count has been observed 
in children aod some adults with acute or chroric ITP receiving Garmmune" N, 400 mg/kg 
body weight daily for five days. A response usually occurs within several days and is man- 
tained for a variable period of time. in general a response 1s seen tess often in adults than 
in chidren. P patients who have shown a response, a maintenance dose of Garmmune® N 
of 400 mg/Fg body weight administered as a single dose every several weeks may be of 
benefit once the platelet count decreases to Clinically hazardous levels. 

investigations indicate that Gamimune? N m well-tolerated and less hkely to produce 
side effects when infused at the indicated rate itis recommended that Gamimune” N be 
infused by itself at a rate of 0.01 to 0.02 mL/kg body weight per minute for 30 minutes, if 
well tolerated. the rate may be gradually increased to a maximum of 0.08 ml/kg body 
weight per minute If side effects occur the rate may be reduced, or the infusian infer: 
rupted until symptoms subside. The infusion may then be resumed at the rate which is 
comfortable for the patient. 

Parenteral drug products should be spected visually for particulate matter and disc- 
oration pra’ to adrrurustration, whenever solution and container permut 

US. License No. 8 


DOSa ONE Senan 
REFERENCES: 1. GAMIMUNE® N Package insert. 2. Mitra G, Wong MF. Mosen MM, etal 
Elimination of infectious retrovirus during preparation of immunoglobulins. Transfusion 
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Cutter Biological 
Berkeley, Ca 94710 USA 

Division of Miles Laboratories, inc. 
Eikhart. IN 46514 LISA (Mfr) 

Miles Laboratories, Ltd /Ltée.. 
Etobicoke, Ont. MSW 1G6 Canada 
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New in 1987! 


TRANSFUSION MEDICINE 
REVIEWS 


Editor-in-Chief 


Morris A. Blajchman, M.D., E.R.C.P. (C) 


Volume 1, 1987 (First issue, March) 
Published 3 times in 1987, subsequently, 
quarterly, approx. 216 pages in 1987, 
approx. 288 pages in subsequent years 
Annual subscription rate, U.S.A. and Canada: 
$39.00 individuals/$51.00 institutions 
(AH other countries: $56.00) 

ISSN: 0887-7963 

Journal orders must be paid in advance. 
Individual journal orders must be paid by 
personal check or credit card. 


This new journal provides an international forum for the 
publication of timely review articles on the most important 


clinical and research topics in transfusion medicine. The scope of 


the journal covers all basic science and practical aspects in the 
held, 

Invited articles, written by acknowledged authorities, will discuss 
concepts of immunology, protein chemistry, genetics, molecular 
and cellular biology, microbiology, immunohematology, blood 
banking, clinical laboratory developments, and other important 
ISSUES, 

interested contributors should submit an outline of their pro- 
posed articies and a tentative submission date to: 

Dr Morris A. Blaichman, Editor-in-Chief 

Transiusion Medicine Reviews 

Department of Pathology 

McMaster University Medical Centre 

1200 Main Street West 

Hamilton, Ontario, Canada L8N 325 

Transfusion Medicine Reviews will be an authoritative jour- 
nal for hematologists, technologists, nurses, and other scientific 
personnel involved in the provision of blood products. Medical 
students, residents, and fellows interested in transfusion medi- 
cine will find this a primary source of information for important 
issues in the field. 

Scheduled topics for Vol. 1, 1987: 





e The association of blood group antigens with red cell mem- 
brane glycoproteins. David J. Anstee. 

* The effects of red cell antigens and blood transfusion on renal 
transplantation. Morris A. Blajchman 

¢ The role of the hematocrit in bleeding. Bernard Boneu (with F 
Fernandez) 
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For fastest service with credit card orders ‘a 
CALL TOLL FREE 


BOOKS: 1-800-468-8671 


Monday-Friday between 8:30 a.m. and 5:00 
p.m. Within Florida Call 1-305-345-4212, 














PARLARS saer 





¢ Complications associated with apheresis procedures, Marc 
Boogaerts 

* Controversies in the use of Rh immunoglobulin in the prever 
tion of Rh alloimmunization. JM. Bowman 

e The significance of complement on the red cell surface. John J 
Freedman 

° The significance of IgG on the red cell surface. George Garratty 

¢ The role of platelet givcoproteins in platelet function. James N. 
GEOrZE 

* Putative mechanisms of the Factor VIH bypass activity of Factor IX 
concentrates. Alan Giles 

e Transfusion associated AIDS. Jerome E. Groopmian 

e The Factor VIH molecule-new perspectives. Leon W Hover 

e The use of intravenous IgG in the treatment of immune 
disorders, John Kelton 

e The significance of reticuloendothelial function in the immune 
destruction of blood cells. John Kelton 

* Immunogenicity of platelet membrane glycoproteins, Tom 
Kunicki 

è Treatment of patients with Factor VHE antibodies. Jeanne M. 
Lusher 

* Recent Developments in the Kell blood group system. W 
Laurence Marsh 


storage of platelets and red cells. Scott Murphy 

° ABO and Lewis antigens in tissues. Raphael Oriol 

e The immunochematological complications of bone marrow 
transplantation. Lawrence D. Petz. 

¢ The use of blood products for the support of bone marrow 
transplant recipients. Sherrill d Slichter 
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Two academic positions available for a Clinical 
Immunologist and Hematologist/Oncologist 
with experience in Bone Marrow Transplanta- 
tion. A splendid 14 bed marrow transplantation 
facility, anima! research laboratories, clinical 
immunology laboratories and equipped re- 
search laboratories are available. Level of 
appointment and academic rank dependent 
upon experience and prior academic record. 


All inquiries should be directed to 
Robert A. Good, M.D., Ph.D. 
University of South Florida 
College of Medicine 
All Children’s Hospital 
P.O. Box 31020 
St. Petersburg, Florida 33731-8920 





she i Royal Postgraduate Medical School 


(University of London) 


Advances in Haematology 1987 
19th Annual Course 
15-19 June 1987 


This ts a five-day course for specialists and trainees in haematolo- 
gy, with emphasis on progress in the fundamental basis of blood 
disorders, their diagnosis and their treatment. 

Topics will include: New monoclonal antibodies and clusters of 
diterentiation: The MIC classification of acute leukaemias; Man- 
agement of sickle cell disease, Iron metabolism; Use of blood 
products; Developments in biood counting; Bone marrow trans- 
plant (allogeneic and autografts}, Gene probes as diagnostic tools; 
Alpha-interferon and deoxycoformycin for chronic leukaemias; 
Platelet function and abnormalities; Megaloblastic anaemias revis- 
ited; Classification of lymphomas. 

There will be lectures, clinical case presentations, and diagnostic 
slide sessions. Speakers will be members of the Department of 
Haematology and the MRC Leukaemia Unit (D. Catovsky, DAG, 
Galton, J.M. Goldman, J. Hows, 5.M. Lewis and L. Luzzatto) as well 


as eminent guest lecturers, which this year will include Dr. Elaine $. 
Jatfe, Chief, Hematopathology Section, National Cancer Institute, 
USA. 


Course Organisers: Drs. S.M. Lewis and D. Catovsky 

Course fee {including catering): £205 

Application forms from: School Ofhce (SSC), Royal Postgraduate 
Medical School, Hammersmith Hospital. Du Cane Road, London 
W112 OHS, Tel: OF 740 3118. 








Hematologist /or Internist 
(Half time) 


St. Luke’s/Roosevelt Hospital Center, a 1,315 bed 
University hospital affliated with Columbia Univer- 
sity College of Physicians and Surgeons, and a pro- 
vider of healthcare to over 400,000 people living in 
Manhattan’s Upper West Side, is seeking a half-time 
physician in its Comprehensive Sickle Cell Clinic, as 
well as medical backup in the ER and inpatient units. 
Days and hours are somewhat flexible. Interested 
candidates are invited to submit curriculum vitae to: 


Cheryl Hunter-Grant, Program Coordinator 
Comprehensive Sickle Cell Center 

St. Luke’s/Roosevelt Hospital Center 

114th at Amsterdam Avenue 

New York, N.Y. 10025 

Equal Opportunity Employer M/F 
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FIRST INTERNATIONAL 
SYMPOSIUM ON 
INHIBITORY FACTORS IN THE 


REGULATION OF HEMATOPOIESIS 
APRIL 26-28, 1987 
INSTITUT PASTEUR, PARIS, FRANCE 


mmitte etara SHRIYA aa on pte yrei ALi 


A. AXELRAD (Canada) BRIL LORD (U.K) 

H. BROXMEYER (USA) D. METCALF (Australia) 

E. FRINDEL (France) T. OLOFSSON (Sweden) 

O.D. LAERUM (Norway) W.R. PAUKOVITS (Austria) 
W. VAINCHENKER (France) 


This symposium is held under the auspices of “L'Institut 
National pour la Recherche et la Santé Médicale” and 
“| Association pour la Recherche sur le Cancer” and is 
organized by Pr. A. NAJMAN (Faculte de Médecine St. 
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isorders, Amgen Biologicals offers a new white pioneer the cloning of one of the human CSFs 
lood cell growth factor: purified, human recom- granulocyte colony stimulating factor (G-CSF). 
inant G-CSF for in vitro and laboratory animal This factor preferentially stimulates the develc 
se only. ment of granulocyte precursors in the bone 


marrow. It further mediates specific immune 
defense responses of mature granulocytes 
targeted against invading microorganisms. 
G-CSF has been shown to induce some myelo 
leukemia cells to differentiate from their 
immature cancerous state to mature cells witt 
apparently normal characteristics. /n vitro, 
G-CSF has demonstrated its ability to support 
granulocyte/macrophage colony formation 
(CFU-GM), with a predominance of neutrophil 
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The new COAG-A-MATE XC delivers the 
versatile, reliable performance essential for 
today's coagulation testing needs. 


Performance that’s practical — Does all key 
coagulation tests: PT, APTT, TT (thrombin 


time), fibrinogen and factor assays. Auto- 


mated performance for rapid throughput. 


Performance you can applaud — Advanced 
programming allows all testing parameters to 
be temporarily or permanently modified by 


operator, with results expressed in %, ratio, 


seconds or mg/dl. Holds up to 15 standard 
curves in permanent memory. 


Performance you can afford — Equipped 


with numerous labor- and time-saving fea- 


tures, like semiautomated pump calibration 


and rapid priming/depriming, COAG-A-MATE 
XC is economical to operate and attractively 
priced for today’s mid-sized laboratory. 


e Performance you can depend on — Two 


separate self-checking diagnostic programs 
help ensure reliable performance and trouble- 
free operations. 
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Wellcovorin Tablets are dramatically improving the way 
patients are rescued. Often discharged from the hospital 
earlier, more patients are completing their therapy on an 
outpatient basis and 

returning to a more 

normal, comfortable 
lifestvle sooner. 
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COVORIN TABLETS 


(leucovorin calcium) 


For thousands of patients, Wellcovorin Tablets have provided the 
critical blood levels needed for life-saving rescue. The unique 
formulation of Wellcovorin Tablets has been shown to be completely 
bioavailable in a bioavailability study of 120 normal volunteers.’ 


(Blum, Guaspari, et al: NCI Folate Symposium, jan, 1986 


Wellcovorin Tablets have reduced the cost of leucovorin rescue 
significantly. Before Wellcovorin Tablets, the cost of leucovorin 
increased rapidly and consistently every year. Now, patients pay 
less for Wellcovorin Tablets, and often realize considerable 
savings from a reduction in hospital stays and clinic visits. 


For greater flexibility in oral dosing, Wellcovorin Tablets are 
available in two sizes: 5 mg (scored, bottles of 20 or 100) and 
25 mg (scored, bottles of 25). 
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WELLCOVORIN TABLETS 


(leucovorin calcium) 


Leucovorin in convenient 
5 mg and 25 mg tablets 


Before prescribing WELLCOVORIN*® Tablets, please consult 
complete prescribing information, The following ts a brief 
summary. 
INDICATIONS AND USAGE: Wellcovonn (leucovorin 
calcium) is indicated for the prophylaxis and treatment of un 
desired hematopoietic effects of folic acid antagonists (see 
ARNINGS). 
CONTRAINDICATIONS: Leucovorin is improper therapy 
for pernicious anemia and other megaloblastic anemias 
secondary to the lack of vitamin By. A hematologic remission 
may occur while neurologic manifestations remain 
progressive. 
WARNINGS: In the treatment of accidental overdosage of 
folic acid antagonists, leucovorin should be administered as 
promptly as possible. As the time interval between antifolate 
administration (e.g. methotrexate) and leucovorin rescue 
increases, leucovorin’s effectiveness in counteracting hema 
tologic toxicity diminishes 
PRECAUTIONS: 
General: Following chemotherapy with folic acid antag 
onists, parenteral administration of leucovonn is preferable 
to oral dosing if there is a possibility that the patient may 
vomit and not absorb the leucovonn. In the presence of perni 
cious anemia a hematologic remission may occur while 
neurologic manifestations remain progressive. Leucovonn 
has no effect on other toxicities of methotrexate, such as the 
nephrotoxicity resulting from drug precipitation in the kidney, 
Drug Interactions: Folic acid in large amounts may counter- 
act the antiepileptic effect of phenobarbital, phenytoin and 
pnmidone, and increase the frequency of seizures in suscep- 
tible children. 
Pregnancy: Teratogenic Effects: Pregnancy Category C. 
Animal reproduction studies have not been conducted with 
Wellcovorin. It is also not known whether Wellcovonn can 
cause fetal harm when administered to a pregnant woman or 
can affect reproduction capacity. Wellcovonn should be given 
to a pregnant woman only if clearly needed. 
Nursing Mothers: It is not known whether this drug ts €x- 
creted in human milk. Because many drugs are excreted in 
human milk, caution should be exercised when Wellcovonn 
is administered to a nursing mother. 
Pediatric Use: See “Drug Interactions”. 
ADVERSE REACTIONS: Allergic sensitization has been 
reported following both oral and parenteral administration of 
folic acid, 
OVERDOSAGE: Excessive amounts of leucovonn may 
nullify the chemotherapeutic effect of folic acid antagonists. 
DOSAGE AND ADMINISTRATION: Leucovorin ts a spe- 
cific antidote for the hematopoietic toxicity of methotrexate 
and other strong inhibitors of the enzyme dihydrofolate reduc- 
tase. Leucovorin rescue must begin within 24 hours of anti 
folate administration. A conventional leucovonn rescue 
dosage schedule is 10 mg/m orally or parenterally followed 
by 10 mg/m’ orally every six hours for seventy-two hours. If. 
however, at 24 hours following methotrexate administration 
the serum creatinine is 50% or greater than the pre-metho- 
trexate serum creatinine, the leucovorin dose should be im- 
mediately increased to 100 mg/m’ every three hours until the 
serum methotrexate level is below 5 x 105M.!- 
The recommended dose of leucovorin to counteract hemato- 
logic toxicity from folic acid antagonists with less affinity for 
mammalian dihydrofolate reductase than methotrexate (1.¢ 
trimethoprim, pynmethamine) is substantially less and 5 to 15 
mg of leucovorin per day has been recommended by some 
investigators.” +< 
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$111): 36-51, 1978 
2. Frei E., Blum RH. Puman SW. er al: High Dose Methotrexate with 
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raise the colorectal 
Cancer cure rate. 





“If evervone over 50 had 
checkups for colorectal 
cancer, the cure rate could be 
as high as 75%, says Dr 
LaSalle D. Leffall, Jr.. past 
president, American Cancer 
Society. “You can t cure itil 
vou don't know you have it. 
But if it's detected carly, the 
cure rate for colorectal cancer 
is very high. Your doctor can 
perform the digital and 
proctoscopic exams, and you 
take care of the simple stool 
blood test at home 

Since men and women are 
equally affected by this disease. 
we urge everyone over 50 tO 
get regular checkups 

The warning signs tor 
colorectal cancer are a Change 
in bowel habits and blood in 
the stool 

People with a family history 
of colon or rectal cancer ol 
ulcerative colitis are at higher 
risk and are urged to be 
doubly cautious. 
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Dont settle for less. 






















For immunodeti- 
ciency syndromes: 
aggressive protec- 
tion against 
infection 


Patients without 
sufficient levels 
of antibodies face 
overwhelming 
infection, and they need 
help. Infusion with 
GAMIMUNE 'N gives 
these patients the edge 
that may make the 
difference: antibodies 
against major bacterial, 
viral and fungal 
pathogens... in Just 
minutes. 








IGIV thats at 
least 98% pon 
gamma globulin 


Cutter’s fractionation 
method (Cohn-Oncley 
6&9) contains all the | 
necessary steps to | 
produce high purty 
immune globulin. 
GAMIMUNE N 
contains no foreign 
contaminants, no 
detectable levels of 
protein aggregates or 
vasoactive enzymes.” 
With GAMIMUNE N 
you get what you expect 
_.. [GIV containing at | 
least 98% pure gamma 
globulin. ' 











For both chronic 
and acute [TP 
in children and 
adults: rapid 
elevation ot 
platelet levels 
GAMIMUNE'’ N 
may initiate a therapeutic 
increase in platelets 
in both children and 
adults with idiopathic 
thrombocytopenic 
purpura (ITP).'*’ N 
Treatment with - Mune Globulin | 











` TË AT Srvenqus (Hums 
~GAMIMUNE ' N has Pa "4 waitose) € 


enabled some ITP weg 
patients to undergo : 
major surgery. ' 














Gamimune N 


Immune Globulin 
Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 


“Native” IGIV 


GAMIMUNE*N is 
manufactured without 
chemical modification. 
This means 
GAMIMUNE'N 
antibodies maintain 
normal opsonization 
capacity, have a normal 
distribution of IgG 
subgroups and provide 
the immunologic activity 
of normal plasma. ' 


*It is not possible to predict which 
patients with ITP will respond to 
therapy. 

‘In patients who respond to therapy, a 
nse in platelet count is generally rapid 
(within | to 5 days), transient (most 
often lasting from several days to 
several weeks) and should not be 
considered curative 


'The Cohn-Oncley process used 








| Doc umented in 
vitro inactivation 


of HTLV-II virus 


to produce Gamimune*N has 
been challenged in vitro with 
a virus spike of 1 x 10° TCID 
(Tissue Culture Infectious 
Doses) of HTLV-II and found 
to remove and/or inactivate the 
viral challenge. In addition, \rtist x interpretation of HTLV LT riru 
Gamimune*®N undergoes an 

incubation step as a final 

container which has been shown 

to effect an additional 1 x 10° to 

1 x 10* TCID (Tissue Culture 

Infectious Doses) reduction of 


HTLV-I? 











Todays simple, 
economical IGTV. 
the only ready- 
to-use liquid 

Dose for dose, 
GAMIMUNE ' N saves 
money by eliminating 
valuable recanstitution 
time in the pharmacy. 
Gram for gram of 
protein, GAMIMUNE' N 
is affordable; there is no 
premium price for 


TODAY'S 


From the original IGIV todays IGIV..it offers more 


Please see following page for brief sammary of prescribing information 


IGIV. 


AMIMUNE N 


Immune Globulin 
Intravenous (Human) 5% 


(in 10% Maltose), pH 4.25 


CLINICAL PHARMACOLOGY 

Gamimune* N supplies a broad spectrum of opsonic and neutrahzing IgG antibodies for 
the prevention or attenuation of a wide variety of infectious diseases. As Gamimune® Nis 
adrrurustered intravenously, essentially 190% of the infused IgG antibodies are immedi- 
ately avaiable in the recipient's circulation. A relatively rapid fallin serum IgG level in the 
first week Gostunfusion is to be expected: this decrease averages 50% of the peak levei 
achieved immediately postunfusion and 1s mainly due to the equilibration of igG between 
the piasrna and the extravascular space. The in vivo half-life of Garumune” N equals or 
exceeds the three week half-fe reported for IgG in the literature. but individual patient 
variation in half-life has been observed. Thus, this variable as well as the amount of 
immune globulin administered per dose is important in determining the frequency of 
administration of the drug far each individual patient. 

The intravenous administration of solutions of maltose has been studied by severai 
investigators. Healthy subjects tolerated the infusions well, and no adverse effects were 
observed at a rate of 0.25 pg maltose/kg body weight per hour In safety studies conducted 
by Cutter Biological, infusions of 10% maltose administered at 0 27-0 62 g maltose/kg 
per hour to normal subjects produced either mild side effects (e.g. headache) or no 
adverse reaction. Following intravenous administrations of maltose. maltose was 
detected in the peripheral blood. there was a dose-dependent excretion of maltose and 
glucose in the urine and a muld diuretic effect. These alterations were weil tolerated with 
out significant adverse effects. The highest recommended infusion rate. 0.08 mL/kg 
body weight per minute (see DOSAGE AND ADMINISTRATION). is equivalent to 0.48 g 
maltose/kg body weight per hour 

The buffer capacity of immune Globulin Intravenous (Human) 5% (in 10% Maltose), pH 
4 25-—Gamimune” Nis 16.8 mEg/. i- 0 3 mEq/g protein). a dose of 150-400 mg/kg (3-8 
mike) body weight therefore represents an acid load of 0.0495-0 1320 mEq/kg body 
weight. The total buffering capacity of whole blood in a normal individual i5 45-50 mEq/L 
of blood. or 3.6 mEg/ks body weight. Thus. the acid load delivered in the largest dase of 
Ganumune* N would be neutralized by the buffering capacity of whole blood alone, even if 
the dose were infused instantaneously (An infusion usually lasts severa! hours. } 

in Phase i human Studies, no change in arterial blood pH measurements was detected 
following the intravenous administration of Gamimune” N at a dose of 150 mg/kg body 
weight. following a dose of 400 mg/kg body weight in 37 patients, there were no clinically 
important differences in mean venous pH or bicarbonate measurements in patents who 
received Gamimune’ N compared with those who received a chemically modified intra: 
venous immunoglobulin preparation with a pH of 6.8. 

in patients with limited or compromised acid-base compensatory MEChansMs. consid: 
eration should be given to the effect of the additional acid load Garmmmune” N might 
present 
INDICATIONS AND USAGE 
Immunodeficiency Syndromes: Garmmmune” N is indicated for the maintenance treat 
ment of patients who are unable to produce sufficient amounts of IgG antibodies Usage 
of Gamimune” N may be preferred to that of intramuscular immunogiobulin preparations, 
especially in patients who require an immediate increase in intravascular immunoglobulin 
levels, m patents with a small muscle mass, and in pabents with tHieeding tendencies in 
whom intramuscular inyections are contraindicated. it may be used in disease states such 
as congenital agammagiobulinemia (e g. X-linked agammagiobuinema;, COMMON vara 
bie hypogammagiobuinemia, X-linked iramunodeficiency with hyper gM and in severe 
combined immunedenciency 
idiopathic Thrombocytopenic Purpura (ITP): Investigations in both children and adults 
have shown that Gamimune ‘ N may initiate a therapeutic increase in the platelet count. in 
chrical studies of Gamimune’* N. five of six (83.3 %) chddren and 10 of 16 (62.5%) adults 
with acute or chronic ITP demonstrated clinically significant increments m the platelet 
count during or follow:ng an initial treatment course with Gamimune? N at a dose of 400 
mekeE body weight dady for five days. The duration af the platelet rise following treatment 
of ITP with Gamumune* N was variable, ranging from several days up to 12 months or 
more Several ITP patents demonstrated continumg responsiveness over Many months 
ta intermittent Gamiumune N 400 mg/kg body weight ngile dase maintenance courses 
Two of three children with acute ITP treated with Gamimune’ N rapidly went into complete 
remission However childhood ITP may respond spontaneously without treatment. Four 
patients with refractory [TP were able to undergo Major surg ical procedures as a result of 
the rapid nse in platelet count associated with Garmmune" N treatment. 

in addition. one patient with severe thrombocytopenia due to post transfusion purpura 
[PLA allaammune antibody with platelet ant: PLA speciicity} also responded to treatment 
with Gamimune” N. ata dose of 400 mg/kg body weight dally for 5 days. there was a rapid 
rise in the platelet count commencing on the third day of treatment. 

{tis presently not possible to predict which patients with ITP will respond to therapy. 
although the increase in platelet counts in children seems ta be better than that of aduits. 
in clinical situations in which 4 rapid rise in platelet count is needed to control bleeding or 
to allow a patient with ITP to undergo surgery, admurustration of immune Globulin intra 
venous (Human) 5% fn 10% Maltosej, pH 4 25—Gamimune® N should be considered. in 
patients in whom 4 response is achieved, the rise of platelets is generally rapid (within 1-5 
days}, transient (most often lasting from several days to several weeks) and should not be 
considered curative. In same patients who relapse. a maintenance dose of Garnmumune’” N 
administered every several weeks may be of benefit once the platelet count decreases to 
cliucally hazardous levels (see DOSAGE AND ADMINISTRATION) 

CONTRAINDICATIONS 

Garumune” Nis contraindicated in individuals who are know? fo Nave had an anaphylactic 
or severe systemic response to immune Globulin (Human). Indwiduals with selective IgA 
deficiencies who have known antibody against IgA (antvigA antibody) shouid not receive 
Gamimune’® N since these patents may experience severe reactions to the IBA which may 
he present 


WARNINGS 
Gamuimune® N should be admuinstered only intravenously as the mtramuscular and subcu- 
taneous routes have not been evaluated 

Gamimune’® N may. on rare occasions. Cause a precipitous fallin blood pressure and a 
chimica picture of anaphylaxis, even when the patient is not known to be sensitive to 
mmmune globulin preparations. These reactians may be related to the rate of infusion 
Accordingly, the infusran rate given under DOSAGE AND ADMINISTRATION should be 
closely followed, at ieast unti the physician has had sufficient expenence with a given 
patient. The patent's vital signs should be monitored continuously and careful observa- 
tion made for any symptoms throughout the antire infusion. Enimephrine shouid be avail. 
able for the treatment of an acute anaphylacuc reaction. 
PRECAUTIONS 
General: Any vial that has been entered shouid be used promptly Partially used vials 
should be discarded. Do not use if tured. Solution which has been frozen should not 
be used. 
Drug interactions: if diiution is required. Gamimune®™ N may be diluted with 5% dextrose 
in. water (D5/W). No other drug interactions or compatibilities have been evaluated. it is 
recommended that infusion of Gamimune™ N be given by a separate line, by itself, without 
mixing with other intravenous fluids or medications the patient aught be receiving. 
Pregnancy Category C: Animal reproductican studies have not been conducted with 
Gamimune’ N itis not known whether Gamumune® N can cause fetal harm when adrmun- 
istered to 4 pregnant woman or can affect reproduction capacity Garmmmune™ N should 
be given to a pregnant womar only if Clearly needed 
ADVERSE REACTIONS 
ina study of 37 patients with mmunodeficiency syndromes receiving Gamumune* Nata 
monthly dose of 400 mg/kg body weight. reactions were seen in 5 2% of the infusions of 
Gamimune* N. Symptoms reported with Gamimune™® N inctuded malaise, a feeling of 
faintness, fever. chills. headache. nausea, vomiting, chest ughtress, dyspnea and chest. 
back or hip pain. in addition, mald erythema following infiltration of Immune Giobulin intra- 
venous {Human} 4% jin 10% Maltose}. pH 4.25--Gamimune® N at the infusion site was 
reported in Some Cases. 

in further studies of Garmmune" Nin the treatment of both adult and pediatric patients 
with ITP systemic reactions were noted in only 4 of 154 (2.6%) infusions, anid all but one 
occurred at rates of infusion greater than O O4 mi/kg body weight per minute. The symp- 
toms reported included chest tightness. a sense of tachycardia (pulse was 84 beats per 
minute). and a burning sensation in the head: these symptoms were all mild and transient 
Erythema, pam’, phlebitis. or eczematous reactions at the infusion site were also reported 
following infusion of Gamumune® N to adult ITP patients. These reactions occurred in 
11.6% of the infusions of Gamimune” N and in 43.8% of the adult ITP population. No 
pediatric patients experienced localized reactions at the mfusian site. 

in the studies undertaken to date, other types of reactions have not been reported with 
Gamumune’* N R may be, however. that adverse effects will be saylar to those previously 
reported with intravenous and intramuscular immunoglobulin adrunstration. Potential 
reactions, therefore, may also include anxiety, flushing, wheezing, abdominal cramps. 
myalgias, arthralgia, and dizziness, rash has been reported only rarely, Reactions to intra: 
venous immunoglobulin tend to be related to the rate of infusion 

True anaphylactic reactions to Gamimnune* N may occur in recipients with documented 
prior histories of severe allergic reactions tc intramuscular immunoglobulin, but some 
patients may tolerate cautiously administered intravenous immunoglobulin without 
adverse effects Very rarely an anaphylactoid reaction may occur in patients with no prior 
history of severe allergic reactions to either intramuscular or intravenous 
AMUN OBICBUHA, 
DOSAGE AND ADMINISTRATION 
immunodeficiency Syndromes: The usual dosage of Gamirnune™ N for prophylaxis in 
ammmunodeticency syndromes is 100-200 mg‘kg (2-4 mL/kg) af body weight adminis. 
tered approximately once a month by intravenous infusion. if the clinical response 1s 
inadequate, or the level of IgG achieved in the circulation is felt to be imsufficient, the 
dosage may be given more frequently or increased as Nigh as 400 mg/kg (8 mL/kg) 
body weight. 
idiopathic Thrombocytopenic Purpura: An increase in platelet count has been observed 
in children and some adults with acute or chranic (TP recenming Gamimune” N, 400 mg/kg 
body weight daly for five days A response usually occurs within several days and i5 mern- 
tained for a variable period of time. In generala response is seer jess often in adults than 
in children. In patients who have shown a response. a maintenance dase of Gamimune® N 
of 400 mg/kg body weight adminustered as a singie dase every several weeks May be of 
benefit once the platelet count decreases to clinically hazardous levels. 

investigations indicate that Gamimune”® Nis well-tolerated and less likely to produce 
side effects when infused at the indicated rate ftis recommended that Gamimune* N be 
infused by «self at a rate of 0.01 to O 02 ml/g body weight per minute for 30 minutes, if 
well tolerated. the rate may be gradually increased to a maximum of 0 O8 mL/kg body 
weight per minute If side effects occur the rate may be reduced, or the infusion inter- 
rupted until symptoms subside, The infusion may then pe resumed at the rate which 1s 
comfortable for the patient. 

Parenteral drug products should be inspected visually for partculate matter and discal. 
oration prior to admunstration, whenever sofution and contginer perit. 

US. License No. 8 





REFERENCES: 1. GAMIMUNE® N Product License Application. 2. Lundblad JL, Mitra G. 
Steinberg MM. et al Comparative studies of impurities in intravenous immunoglobulin 
preparations. Rev infect Dis 1986; 8ul~Aug): S382-5390. 3. Mitra G. Wong MF. Moren 
MM. etal. Elimination of infectious retroviruses during preparation of immunoglobulins. 
Transfusion 1986: 26/4) 394-397. 
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MEET YOUR NEWEST BLOOD BANKER. 


THE OLYMPUS PK7100 FULLY AUTOMATED PRETRANSFUSION BLOOD TESTING SYSTEM 








Today with the increased gemand in on the terraces for extremely accurati 
blood testing for transfusion purposes automated readings, the terract 
blood bankers suddenly need new help aesign provides more stable agg 

The Olympus PK7100 non-aqaglutination patti 
is the solution. It easy visual contirn 
‘automatically performs And the PK710! 
simultaneous routine WITT Olyn DUS TH 
blood tvpina (ABO port package and 
and RH). freeina field service ne ~ 
experienced blood Other PK7100 feature s inc lude: 
bankers to perform e Full data Drocessing Capability 
additional tests for the Convenient compute 
driest incidence bad data storage; Vide 
OF Inioctuous ps "Terraced" Microtiter Plate mig! So ee ng pi ner 
(Hep atts. H LV-IH nierface: iripie-cnecr 
etc.) of bar code labels. ¢ Micro-syringe: 

The PK7100 analyzes up to 240 samples precision dispensing of serum, | j 
hour, and features the ee and pa- diluent and reagents). © Virtually 
tented rb ah Terraced” Microtiter Plate, disposables/consumables. ¢ Advance 
which reduces reagent consun rias and compact desi ign (for easy place! 
holds cells more firmly in place during less access. and efficient workstati 


delicate handling. And while the high dis- For further information call TOLL FREE 
crimination PK7100 takes n dltiple readings 800-223-0125 or 800-626-0236 (in NY). 
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What Is It? 


A series of comprehensive, 
advanced, one day Hemostasis 
Wet Workshops presented by 
Helena Laboratories. The session 
will include lectures on the PFI 
(Proenzyme Functional Inhibitor) 
Index, platelet aggregation and 
chromogenic substrates as well as 
hands-on training with AT-II. 
Workshop participants will 
perform the COATEST® 
Antithrombin Chromogenic Assay 
using Microtiter plates. This pro- 
cedure is just one demonstration 
of cost reduction with advanced 
technology for your lab. 


Why Should I Attend? 


These key topics will be covered. 


Chromogenic Substrates — 

We will discuss the clinical applica- 
tions of chromogenic substrates. 
As chromogenic substrate re- 
search progresses new products 
become available for the clinical 
lab. These new substrates allow 
the coagulation laboratory to per- 
form sensitive, specific assays for 
various components of the hemo- 
static system. 


AT-III Microplate Procedures — 
Hands-on training with AT-ITI, 
levels can be measured easily with 
the COATEST Antithrombin Kit. 
The kit utilizes chromogenic 
substrate methodology to detect 
the conversion of pNA by throm- 
bin spectrophotometrically. For 
greater efficiency, it can be 
automated on most centrifugal 
analyzers or run in microtiter 
plates. 

nes 

PFI Index — A lecture and slide 
series on a new diagnostic tool for 
management of intensive care 
patients. The use of the Pro- 
enzyme Functional Inhibitor (PFI) 
Index allows the clinician to iden- 
tify high-risk patients, obtain 





prognostic information, and judge 


therapeutic effectiveness. 


new 


COA-SET Assays — KabiVitrum 
chromogenic substrates contribute 
greatly to the investigation of 
coagulation and fibrinolysis. Two 
new assays, COA-SET t-PA/t-PA 
Inhibitor and COA-SET Protein C 
will be discussed. 


Platelet Aggregation — See the 
only aggregometer with a 4 color 
printer, making interpretation sim- 
ple. Helena’s Monitor IV PLUS 
Platelet Aggregation Recorder, 
features the ease and accuracy of 
automated 4 channel aggregation, 
and a7 inch CRT for data entry 
display and preview. 


NEW 


Helena “Q.I.C” Bleeding 
Time Device — We'll introduce 

a new bleeding time procedure 
and discuss the diagnostic value 
of bleeding time testing for 
platelet defects and some vascular 
disorders. 


1987 Helena Hemostasis 
Advanced Wet Workshops 


Guest Speaker — A represen- 


tative from KabiVitrum in Sweden 
will be joining us again this year in 
our presentation of the Advanced 
Hemostasis Wet Workshops. This 
will be an excellent opportunity 
for you to meet and talk with one 
of the scientists who formulate 
and stand behind the innovative 
technology of chromogenic 
substrates. 


How Do I Get More 
Information? 


All laboratory professionals 
(managers, supervisors, 
technologists, pathologists, 
hemotologists and coagulation 
researchers) are welcome. For 
more information call our 
Workshop Registrar toll free 
800-231-5663. In Texas, 
800-392-3126. 





Hemostasis 
Systems 


r Fet pew FAS 
Baraat eaga oo a 








BLOOD 


The Journal of The American Society of Hematology 


Editor-in-Chief: John W. Adamson, Seattle, Wash 


Associate Editors 


Bruce A. Chabner, Bethesda, Md 
' David C. Dale, Seattle, Wash 


Arthur W. Nienhuis, Bethesda, Md 


Harold R. Roberts, Chapel Hill, NC 


Assistant Editor: Donna Z. Mirkes, Seattle, Wash 


EDITORIAL BOARD 


W. French Anderson, Bethesda, Md 
Richard H. Aster, Milwaukee, Wis 
Grover C. Bagby, Jr, Portland, Ore 
Edward J. Benz, New Haven, Conn 
Laurence A. Boxer, Ann Arbor, Mich 
Hal E. Broxmeyer, Indianapolis, Ind 
Samuel A. Burstein, La Jolla, Calif 
Samuel Charache, Baltimore, Md 
Robert A. Clark, Iowa City, Iowa 
Charles G. Cochrane, La Jolla, Calif 
Harvey J. Cohen, Rochester, NY 
Riccardo Dalla-Favera, New York, NY 
Thomas F. Deuel, St Louis, Mo 

John I. Gallin, Bethesda, Md 

Robert C. Gallo, Bethesda, Md 
Edward P. Gelmann, Bethesda, Md 
James N. George, San Antonio, Tex 
John H. Glick, Philadelphia, Pa 
Harvey M. Golomb, Chicago, HI 
Warner C. Greene, Bethesda, Md 
James D. Griffin, Boston, Mass 
Jerome E. Groopman, Boston, Mass 
W. David Hankins, Bethesda, Md 
Jacek J. Hawiger, Boston, Mass 
Samuel Hellman, New York, NY 
Elaine S. Jaffe, Bethesda, Md 

John Kelton, Hamilton, Ontario 
John H. Kersey, Minneapolis, Minn 


H. Phillip Koeffler, Los Angeles, Calif ` 
Parviz Lalezari, Bronx, NY 

Marshall A. Lichtman, Rochester, NY 
Gerald L. Logue, Buffalo, NY 

A. Thomas Look, Memphis, Tenn 
Kenneth G. Mann, Burlington, Vt 
Victor J. Marder, Rochester, NY 

Jan M. McDonagh, Boston, Mass 

John Mendelsohn, New York, NY 
Deane F. Mosher, Madison, Wis 

James E. Niedel, Durham, NC 

Stuart H. Orkin, Boston, Mass 

Jiri Palek, Boston, Mass 

Thalia Papayannopoulou, Seattle, Wash 
David R. Phillips, San Francisco, Calif 
Peter J. Quesenberry, Charlottesville, Va 
Ellis L. Reinherz, Boston, Mass 

Robert D. Rosenberg, Boston, Mass 
Avery A. Sandberg, Buffalo, NY 
George W. Santos, Baltimore, Md 
Shigeru Sassa, New York, NY 

Alan N. Schechter, Bethesda, Md 
Geraldine P. Schechter, Washington, DC 
Sanford J. Shattil, Philadelphia, Pa 
Joseph V. Simone, Memphis, Tenn 
Babette Weksler, New York, NY 

Neal S. Young, Bethesda, Md 

Esmail D. Zanjani, Minneapolis, Minn 


PAST EDITORS 


William Dameshek (1946—1969) 
Frederick Stohlman, Jr (1970-1974) 
Ernst R. Jaffé (1975—1977) 

Paul A. Marks (1978-1982) 





New from 
Grune & Stratton! 





Required reaaing for all health care providers! 


MALPRACTICE: 


A GUIDE TO AVOIDANCE AND TREATMENT 
Kenneth E. Brooten, Jr., Esquire 
and Stuart Chapman 


This new text provides practical, in depth coverage about the 
avoidance and treatment of healthcare malpractice. 

The book presents practical, daily methods about how to 
avoid malpractice as well as pre and post trial procedures. Help- 
ful guidelines or avoiding risks in the hospital, the do's and 
dont's of prescriding, how to discharge patients, and the es- 
tablishment of effective patient relationships, will aid the prac- 
titioner in the prevention of potential suits. Chapters describing 
the service of the summons, attorney selection, the anatomy of 
a trial, and case settlement, help to familiarize the healthcare 
professional with each stage of a lawsuit. Malpractice checklists 
and forms add to the text's practical value. 

Physicians, osteopaths, nurses, chiropractors, psychologists, 
and other health care providers, will finc Malpractice: A Guide 
to Avoidance and Treatment, an indispensable, ready 
reference. 





CONTENTS: Introduction. Acknowledgements. Dedications. 

E Malpractice What Is It? Vicarious Liability. Establishing Effective 
Patient Relationships. The Role of the Consultant. The Do's and 
Dont's of Prescribing. Avoiding Risks in the Hospital. The Medi- 
cal Record. How to Discharge a Patient. Service of Summons. 
Selecting Your Defense Attorney. The Plaintiff's Attorney. Pre- 
Trial Procedures. The Expert Witness. The Anatomy of a Trial. 
When to Settle a Case. Post Trial-After The War is Over. 
Malpractice 2000. 


December 1986, 256 pp., $29.50 
ISBN: 0-8089-1849-4, Order Code: 790684 
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SUBMITTING THE MANUSCRIPT 


BLOOD, The Journal of The American Society of Hematology, 
provides an international forum for the publication of original 
articles, in English, describing basic laboratory and clinical inves- 
tigations encompassed in the broad discipline of hematology. The 
scope of the journal covers all aspects of hematology, including 
disorders of leukocytes, both benign and malignant, erythro- 
cytes, platelets, hemostatic mechanisms, and immunology, as 
well as major developments in clinical laboratory diagnosis and 
blood banking. 


Manuscripts are accepted for consideration on the condition 
that they are contributed solely to BLOOD. No substantial part of 
a paper may have Deen or may be published elsewhere, except for 
an abstract of 500 words or less. Manuscripts will be critically 
reviewed by the Editor or an Associate Editor with appropriate 
independent referees drawn from the Editorial Board and other 
experts. Acceptance of papers for publication is based upon the 
originality of the observation or investigation, the quality of the 
work described, and the clarity of the presentation. Papers will 
ordinarily be published in the order in which they 
are finally accepted for publication and not in the order of 
submission. Acknowledgments to other investigators for advice 
or data must be substantiated by written authorization specifi- 
cally granting permission to authors. 


Concise Reports: BLOOD will consider for rapid editorial 
review and decision Concise Reports of original investigations of 
scientific importance within the broad discipline of hematology. 
The value to the scientific readership of rapid publication is a 
criterion for acceptance of Concise Reports. Such manuscripts 
must represent original and definitive studies and include ade- 
quate description of experimental methods, documentation of 
findings, and references to the literature. No case studies. 
methods papers, or preliminary reports will be considered, The 
Editors will provide decisions on such manuscripts within three 
weeks of receipt at the BLOOD Office. These decisions may not 
be accompanied by detailed reviewers’ comments such as are 
returned with manuscripts handled in the ordinary manner. 
Request for consideration as a Concise Report should be made in 
the author’s covering letter upon submission. Concise Reports 
cannot exceed ten typed pages, including tables, figures, and 
references (count two graphs or one photomicrograph as a typed 
page). Papers exceeding the ten-page limit will be delayed while 
the author is being contacted. Papers not accepted for rapid 
publication as Concise Reports may be resubmitted for consider- 
ation as regular manuscripts. 


Letters to the Editor: Letters to the Editor are welcomed and 
will be published if appropriate. They should be typewritten, 
double spaced, and generally should be no more than two 
typewritten pages in length. 


Editorials, Brief Reviews: Editoriais and Brief Reviews may 
be solicited by the Editors. These manuscripts must be prepared 


in a manner appropriate for other papers and will be reviewed as 
are original articles submitted for consideration. 


Authors must accept the responsibility of conforming to the 
instructions in “Information for Contributors.” Articles, edito- 
rials, letters to the editor, and other text material in BLOOD 
represent the opinions of the authors and do not reflect the 
opinions of The American Society of Hematology, the publisher, 
or the institution with which the author is affiliated, unless the 
contrary is specified. 

Authors submitting a manuscript do so with the understand- 
ing that if it is accepted for publication, copyright in the article, 
including the right to reproduce the article in all forms and media, 
shall be assigned exclusively to the Publisher. To comply with US 
copyright law and the requirements of the insurance carrier, 
authors of accepted manuscripts and letters will be requested to 
sign a copyright release form. The Publisher will not refuse any 
reasonable request by the author for permission to reproduce any 
of his or her contributions to the journal. 


Submit papers, with a $50.00 (in US funds) check, money 
order, or institutional purchase order to cover the cost of manu- 
script handling, to: John W. Adamson, MD, Editor 

BLOOD 

University District Building — Room 410 
1107 NE 45th St 

Seattle, WA 98105 

(206) 545-8080 


All checks and money orders must be marked with the first 
author's name, in order to avoid delay in processing. Receipt of a 
manuscript will be acknowledged by a card bearing the name of 
the Editor or Associate Editor who is assigned responsibility for 
the review process. All correspondence concerning the manu- 
script should be addressed to the Editor or Associate Editor. 
Effective January 1, 1987, all manuscripts submitted to BLOOD 
and subsequently accepted for publication will be assessed a 
$50.00 charge per published page. This charge is necessary to 
offset the increasing costs of publication. 


Papers reporting human experimentation will be reviewed in 
accordance with the precepts established by the Helsinki Decia- 
ration. Copies of this declaration may be obtained by writing to 
the American Medical Association, 535 N Dearborn St, Chicago, 
iL 606 10. Such papers must include a statement that the human 
investigations were performed after approval by a local Human 
Investigations Committee and in accord with an assurance filed 
with and approved by the Department of Health and Human 
Services where appropriate. 


All manuscripts dealing with recombinant DNA research must 
include a description of the physical and biologic containment 
procedures practiced, in accord with the National institutes of 
Health Guidelines for Research Involving Recombinant DNA 
Molecules. The Editors of BLOOD will assume that the authors of 
research papers published in BLOOD are prepared to distribute to 
bona fide academic investigators exclusively for their own 
research any clone of cells or DNA used in the experiments. 
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PREPARING THE MANUSCRIPT 


The original and two complete copies of the manuscript 
{including letters to the Editor) must be submitted. Manuscripts 
must be typewritten, double or triple spaced on good quality 
87.-by-11-inch white paper with margins of at least one inch. 
Please do not use erasable bond. 

The first page of the manuscript should contain the following 
information: (1) title of the paper: (2) authors’ names: (3) name 
of institution in which work was done; (4) acknowledgments for 
research support; (5} name and address of the author to whom 
communications regarding the manuscript should be directed. 

The second page should contain an abstract of 200 words or 
less, summarizing the reason for the study, the methods used, 
the results, and the major conclusions. Do not include a summary 
at the end of the paper. 


PREPARING ILLUSTRATIONS AND TABLES 


Tables and illustrations must be cited in order in the text using 
arabic numerals. All line drawings should be submitted as clear, 
glossy, black and white photographs. Hand-drawn or hand- 
lettered illustrations are unacceptable. Legible copies may be 
used only with the duplicate manuscripts. Photomicrographs and 
other photographic illustrations must be submitted in triplicate: 
photocopies of photographs and line drawings are not accept- 
able. The name of the first author, figure number, and designation 
of the top of the illustration should be marked on the back of each 
Hlustration with a soft lead pencil. Authors should avoid mounting 
illustrations on boards unless mounting is necessary to insure 
proper placement. Legends for illustrations should be typewrit- 
ten, double spaced, on a separate sheet, and included at the end 
of the manuscript. A legend must accompany each illustration. 
Contributors will pay all charges involved in processing and 
printing of color photographs. 

Figures, especially charts, graphs, and line drawings, are 
generally reduced in size for publication (consult a recent issue of 
the journal for examples). To maintain legibility it is important 
that all numbers, letters, and symbols be large enough originally 
so that when reduced they will remain at least yn inch (2 mm) 
high (ie, approximately the same size as used for this line of type). 
Figures not properly prepared will have to be returned to the 
contributor for revision or will be relettered by the printer and the 
cost charged to the contributor. 

Each table should be typed on a separate sheet and appropri- 
ately numbered. Table legends should be typed on the same 
sheets as the tables. 

Failure to comply with the specifications for preparing illustra- 
tions and tables may result in a delay of the review process. 


REFERENCES 


References should be compiled at the end of the article 
according to the order of citation in the text. They should be 
typewritten, double spaced, under the heading REFERENCES. 
Abbreviations for titles of medical periodicals should conform to 
those used in the latest edition of Index Medicus. (A "List of 
Journals Indexed in Index Medicus’’—-with abbreviations —is 
obtainable from the Superintendent of Documents, US Govern- 
ment Printing Office, Washington, DC 20402, at a modest 
charge.) Name all authors. Supply only first page number for each 
reference. References to abstracts and letters must be identified 
as such. 


INFORMATION FOR CONTRIBUTORS 


Personal communications and references to publications in 
press by authors other than those submitting the paper must be 
substantiated by a letter from the investigatoris) concerned 
confirming the data or observations and granting the authors 
permission to cite the material. 


EXAMPLES OF REFERENCES 


Journal article, one or more authors: 

1, Golomb HM, Vardiman J, Sweet DL, Simon D, Varia- 
kojis D: Hairy cell leukemia: Evidence for the existence of a 
spectrum of functional capabilities. Br J Haematol 38:161, 
1978 
Journal article, in press: 

2. O'Malley JE, Eisenberg L: The hyperkinetic syndrome. 
Semin Psychiatry (in press) 

Complete book: 

3. Lillie RD: Histopathologic Technic and Practical Histo- 
chemistry (ed 3). New York, Blakiston, 1965, p 39 
Chapter of book: 

4. Moore G, Minowada J: Human hemopoietic cell lines: A 
progress report, in Farnes P (ed): Hemic Cells in Vitro, vol 4. 
Baltimore, Williams & Wilkins, 1968, p 100 
Chapter of book that is part of published meeting: 

5. Natvig JB, Kunkel HG, Gedde-Dahl T Jr: Genetic studies of 
the heavy chain sub-groups of G globulin, in Killander J (ed): 
Gamma Globulins, Proceedings of the Third Nobel Symposium. 
New York, Wiley, 1967 
Chapter of book that is part of unpublished meeting: 

6. Pollak A: A morphologic study of the lymphoproliferative 
lesions induced by excess vitamin A. First Meeting, European 
Division, International Society of Hematology, Milan, 1971, p 
181 
Abstract: 

7. Curnutte JT, Karnovsky ML, Babior BM: Manganese- 
dependent NADPH oxidation by a particulate preparation from 
guinea pig granulocytes: An alternative interpretation. Clin Res 
23:271A, 1975 (abstr) 

Letter to the Editor: 

8. Seeler RA: Sickle cell anemia monthly variations. Blood 

47:879, 1976 (letter) 


PROOFREADING 


Contributors are provided with galley proofs and are asked to 
proofread them for typesetting errors. Important changes in data 
are allowed, but authors will be charged for excessive alterations 
in proof. Galley proofs should be returned within 48 hours. 


REPRINTS 


Reprints of articles can be furnished to contributors when 
ordered in advance of publication. An order form, showing cost of 
reprints, is sent with proofs. Individuals wishing to obtain reprints 
of an article that appeared in BLOOD can do so by contacting the 
author at the address given in the journal. 


ANNOUNCEMENTS 


Announcements of meetings. conferences, and the like that 
are of interest to the readership of BLOOD should be sent to the 
Editor at least three months before the first day of the month of 
issue. Fees for announcements vary, depending on their size and 
the number of issues involved. Prices may be obtained by 
contacting the BLOOD office. 
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program. Or talk to one of 
the 3 million who’ve 
survived cancer. 

The battle isn’t over but 
we are winning. 

Please support the 
American Cancer Society. 
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Blenoxane’ Combinations 


(sterile bleomvein sulfate) 


Proven Effective in 
Non-Hodgkin's Lymphoma 


The newer Blenoxane containing combinations resulted in high 
complete response rates and extended disease-free survival: 
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retrocrural, para-aortic, abdominal or pelvic adenopathy 
and probable right iliac after Blenoxane combination 
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cyclophosphamide, vincristine, prednisone (BACOP; combination lymphoma with the six-drug COF 
methotrexate with leucovorin chemotherapy in the treatment of BLAM regimen. Ann Intern Med 
rescue, and cytarabine (ACOMLA) advanced diffuse histiocytic 97:190-195, 1982. 
with cyclophosphamide, lymphoma. Ann Intern Med 
doxorubicin, vincristine, prednisone, 85:417-422, 1976. 


and bleomycin (CHOP-B) in the 
treatment of diffuse histiocytic 
lymphoma. Cancer Treat Rep 
66:1279-1284, 1982. 
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Blenoxane .. Integral Component 


“sterile bleomvcin sulfate) 


of Chemotherapy Regimens in 
Non-Hodgkin's Lymphoma 


since Blenoxane ts virtually non-myelosuppressive, continuing 
/ierapy with certain Blenoxane containing chemotherapy regimens 
e.g. BACOP) can prevent tumor regi owth between cycles of 
ther chemother apy regimens while allowing for bone marrow 
ecovery 
3lenoxane can produce, with cumulative doses, a syndrome of pul- 
nonary fibrosis. Ít is usually dose-related, being seen infrequently 
a patients whose total dose of Blenoxane is less than 400 units. 
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WARNING 


itis recommended that Blenoxane* be administered under the supervision of a qualified phys: 
cian experienced in the use of cancer chemotherapeutic agents Appropriate management of ther- 
apy and Complications i$ possible only when adequate diagnostic and treatment faciiities are 
readily available 

Pulmonary tibrosis is the most severe toxicity associated with Bienoxane The most frequent pre 
sentation is pneumonitis occasionally progressing t0 pulmonary tibrosis Its occurrence 15 Mugher in 
elderly patients and in those recewing greater than 400 units total dose but pulmonary toxicity has 
been observed in young patients and those treated with low doses 

A severe idiosyncratic reaction consisting of hypotension menta! confusion. fever chills and 
wheezing has been reported in approximately 1% of lymphoma patents treated with Blenoxane 


INDICATIONS: Blienoxane should be considered a paliative treatment It has been shown to be useful 
in the management of the following neoplasms either as a single agent or in proven Combinations with 
other approved chemotherapeutic agents 

Squamous Cell Carcinoma — Head and neck including mouth tongue tons nasopharynx 
oropharyna sinus palate tip buccal mucosa gingiva epiglottis. skin larynx, penis cervix and 
vulva The response to Blenoxane :s poorer in patients with head and neck cancer previously itradiated 

Lymphomas — Hodgkins reticulum celi sarcoma lymphosarcoma 

Testicular Carcinoma — Eimbryonal cell chonocarcinoma and teratocarcinoma 


CONTRAINDICATIONS: Bienoxane is contraindicated im patients who have demonstrated a hypersen 
Silive ðr an idiosyncratic reaction to it 


WARNINGS: Patients recewing Bienoxane must be observed carefully and frequently during and atter 
therapy It should be used with extreme Caution in patients with significant impairment of renal function 
of compromised pulmonary funchon 

Pulmonary toxicities occur in 10% of treated patients In approximately 1%. the nonspecific pneu 
monts induced Dy Blenoxane progresses to pulmonary hbrosis and death Although thes 1s age and 
dose related the toxicity is unpredictable Frequent roentgenograms are recommended 

Idiosyncratic reactions Similar fo anaphylaxis have bean reported in 1°> of lymphoma patients treated 
with Bienoxane Since these usually occur after the first or second dase careful monitoring is essential 
after these doses 

Renai of hepatic toxicity beginning as a detenoration in renal or byer function tests. have been 
reported infrequently These toxicities may occur however al any time after mitiabon of therapy 

Usage in Pregnancy Sate use of Blenoxane in pregnant women has not been established 


ADVERSE REACTIONS: Pulmonary — Thus i5 potentially the most serious Side eect. occurring in ap 
proximately 10°) of treated patients The most frequent presentation is pneumonitis Occasionally pro 
gressing to pulmonary fibrosis Approximately 1°. of patients treated nave died of pulmonary fiprosis 
Pulmonary toxicity s both dose and age-related being more Common in patents over 70 years of age 
and in those receiving over 400 units total dose Thus toxicity however is unpredictable ano has been 
Seen Occasionally in young patents receiving low doses 

Because of lack of specificity of the chmcal syndrome the identification of patients with pulmonary 
toxicity due to Blenoxane has been extremely difficult The earliest symptom associated with Blenoxane 
pulmonary toxicity 1s dyspnea The earhest sign is fine rales 

Radiographically Bienoxane- induced pneumonitis produces nonspecific patchy opacities usually of 
lower jung fields The most common changes in pulmonary function tests are a decrease in tota! lung 
volume and a decrease in vital capacity However these changes are not predictive of the development of 
pulmonary librosis 

The microscopic tossue changes due to Bienoxane toxicity include bronctolar squamous metaplasia 
reactive macrophages atypical alveolar epithelial ceils. tiprinous edema and interstitial tibrosis The 
acute stage May involve Capillary Changes and subsequent fibrinous exudation into alveol producing 4 
change similar to hyaline membrane formation and progressing to a diffuse interstitial fibrosis resem 
bling the Hamman-Rich syndrome These Mmicrascopic ndings are nonspecitic.e g Similar changes 
are Sen in radiahon pneumonitis pneumocystie pneumonitis 

To monitor the onset of pulmonary towecity, toentgenograms of the chest should be taken every 110 2 
weeks |! pulmonary changes are noted treatment should be discontinued until it can De determined if 
they are drug related. Recent studies have suggested thal sequential measurement of the pulmonary 
diffusion capacity tor carbon monoarde (DL...) during treatment with Bienoxane may be an indicator of 
sudclimcal pulmonary toxicity Itis recommended that the DL... be monitored monthly if + is to be em- 
ployed to detect pulmonary toxicities. and thus the drug should be discontinued when the DL... talis 
below 30 to 35°. of the pretreatment value 

Because of bleomycen s sensitization of lung issue patients who have received bleomycin are at 
greater risk of developing pulmonary towerty when oxygen is administered at Surgery Wrule iang ex 
posure to very Nigh oxygen concentrations is a known Cause of tung damage. atter bleomycin admin 
straton lung damage can occur at lower concentrations than usually would be considered sate 
Suggested preventive measures ate 
(1) Manta FI O- at concentrations approumately that of room au (25°) during Surgery and the post- 

Operative period 
(2) Monitor carefully uid replacement. focusing more on colloid administration rather than crystalloid 

Idiosyncratic Reactions — in approximately 1% of the lymphoma patients treated with Blenoxane an 
idiosyncratic reachon simular to anaphylams clinically has been reported The reaction may be immedi 
ale or delayed tor several hours and usually occurs after the first or second dase I! corisssts of hypo 
tension. mental contusion fever chilis and wheezing Treatment is symptomatic including volume 
expansion pressor agents. antihistamines and corticosteroids 

integument and Mucous Membranes — These are the most frequent side effects beng reported in 
approximately 50%, of treated patients These consist of erythema fash striae vesiculaion hyperpig 
mentation and tenderness of he skin Hyperkeratosis. nail changes alopecia pruritus and stomatitis 
have also been reported It was necessary to discontinue Blenoxane therapy in 2°e of treated patents 
because of these fomees 

Skin toxicity 15 a relatively late manifestation usually developing in the 2nd and 3rd week of treatment 
after 150 to 200 units of Blenoxane nave been administered and appears to be related t0 the cumulative 
dose 

Other — Fever chilis and vomiting were treguentiy reported side effects Anorexia and weight loss 
are common and may persist long after termination of the medication Pain at tumor site phlebitis and 
other local reactions were reported intrequently 

There are isolated reports of Raynaud s phenomenon occurring in patents with testicular carcinomas 
treated with a combination of Blenoxane and Velban* tis Currently unknown if the cause for ine 
Raynaud s phenomenon in these cases :5 Ine disease Blenoxane Velban of a combination of any ot 
all of these 


SUPPLY: Each vial contains 15 units of Blenoxane Mead Hineao 
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Annual subscription rate, U.S.A. and Canada: 
$39.00 individuals/$51.00 institutions 
(All other countries: $56.00) 
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Journal orders must be paid in advance. 
Individual journal orders must be paid by 
personal check or credit card. 


This new journal provides an international forum for the 

publication of = review articles on the most important 

clinical and research topics in transfusion medicine. The scope of 

the journal covers all basic science and practical aspects in the 

field. 

Invited articles, written by acknowledged authorities. will discuss 

concepts of immunology, protein chemistry. genetics, molecular 

and celular biology, microbiology, immunohematology. blood 

banking, clinical laboratory developments. and other important 

issues. 
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Dr Morris A. Blaichman, Editor-in-Chief 
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McMaster University Medical Centre 
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* Complications associated with apheresis procedures. Mare 
Boogaerts 

* Controversies in the use of Rh immunoglobulin in the preven- 
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THROMBO- 
WELLCOTEST 
THE*1 
FDP TEST 


Wellcome Diagnostics 


A Division of Burroughs Wellcome Co 
3030 Cornwallis Road 
Research Thangie Park 


Wellcome North Carolina 27709 


A comprehensive coagulation workup isn't complete without 
a rapid, reliable FDP assay. That's why leading laboratories 
turn to THROMBO-WELLCOTEST — the #1 choice for 
FDP testing. THROMBO-WELLCOTEST is from Wellcome 
Diagnostics, so its consistent high quality is assured. And it's 
backed by a highly competent technical staff. 


LET OUR TEAM WORK WITH YOUR TEAM 


For technical information about THROMBO-WELLCOTEST, call toll free 
(800) 334-8570; in North Carolina call collect (919) 248-4617. To order, 
contact your local Wellcome Diagnostics sales representative or call 

toll free (800) 334-9332; in North Carolina call collect (919) 758-3436. 
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© Substrate Quality @ Fresh Frozen 
© Stable ® Mono-Specific 


COAGULATION DEFICIENCIES AVAILABLE: 
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Factor Vill inhibitor Protein C 
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© Plasmas are fresh frozen, citrated plasmas drawn from carefully screened HUMAN donors with 
congenital coagulation factor deficiencies. 

© Shipments are packed in dry ice and usually delivered within 24 hours. 

@ Special arrangements are made to ship plasma in required volumes in vials (0.5 to 5.0 ml), in bags or 
on standing orders. 


MAXIMUM QUALITY - MINIMUM COST 
GEORGE KING BIO-MEDICAL, INC 
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NEOcEL SYSTEM For YOUNG RED CELLS. 


Now, young red cells can be routinely 
used to improve the management 

of chronically transfused patients 

by decreasing the transfusion require- 
ment and the rate of iron loading. 

or whenever the best red cell product 
is indicated. Because now theres 

a commercially available blood bag 
system for efficient, reliable separation 
of red cells by age. 

A BETTER RED CELL PRODUCT 
The Neocel System delivers a product 
rich in neocytes (young red cells) 
with a 31% extension in mean hall-lite 
over normal packed red cells. 
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Cutter Biological Vike 


SIMPLE, FAST PROCEDURE 
Neocel provides 2 simple method 
of separation using a standard centri- 
fuge, significantly reducing cost and 
technical difficulty compared to 
present methods 

Provide a better red cell pr duct, 

with the Neocel System tor Young Red 
Cells...another Component Enhance- 
ment Product, only from Cutter 


For more information, contact your 
Cutter Biological Representative or call 
our Professional Services Department 
at (800) 227-1762 
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The Kinetics of Immune Reconstitution After Human Marrow Transplantation 


By Lawrence G. Lum 


Human marrow transplantation for the treatment of malig- 
nant and nonmalignant disorders is becoming an estab- 
lished modality of therapy. As in any aggressive thera- 
peutic modality, the benefits must be balanced with the 
risks of the therapy. The aggressive chemoradiotherapy 
used to prepare patients for marrow transplantation cre- 
ates a transient immunodeficiency disorder postgrafting 
until the transferred donor marrow reestablishes a compe- 
tent immune system. Immune reconstitution posttrans- 
plant follows a general pattern developing from immature 
to mature immune functions. Immune reactivity during the 
first month postgrafting Is extremely low. Cytotoxic and 
phagocytic functions recover by day 100, while more 


ONE MARROW transplantation is an accepted mode 
of therapy for immunodeficiency disorders, aplastic 
anemia, or hematologic malignancies. ? The chemoradio- 
therapy used to prepare marrow graft recipients ablates 
existing normal and abnormal immunohematopoietic mar- 
row elements, provides immunosuppression to permit 
engraftment, and creates space in the marrow microenviron- 
ment for the donor marrow to develop. Although the 
immunodeficiency is created under carefully controlled cir- 
cumstances, the marrow graft recipients are extremely sus- 
ceptible to life-threatening infections with a variety of bacte- 
rial, viral, and fungal pathogens.** The first 100 days 
postgrafting is the interval of maximum risk; however, 
marrow graft recipients with chronic graft-v-host disease 
(GVHD) continue to be at risk for bacterial, viral, and, less 
frequently, fungal infections. 

Marrow transplantation offers a model of iatrogenic 
immunodeficiency that is unique in that immunity generally 
recovers if the transplant recipient does not succumb to 
transplant related complications or recurrent disease. This 
model permits dissection of the various elements of the 
human immune system as they reappear under the influence 
of various treatment modalities postgrafting. An understand- 
ing of the kinetics of immune reconstitution in the marrow 
transplant model will enhance our understanding of immu- 
nodeficiency disorders. Parallels can be drawn between the 
transplant model and the defects seen in immunodeficiency 
disorders and the regressing immune systems of patients with 
acquired immunodeficiency syndrome (AIDS). 

The various in vivo and in vitro immune function tests of 
the marrow recipients will be discussed in terms of the first 
100 days (short-term recipients) and from 100 days to years 
(long-term recipients) postgrafting. The areas that will be 
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specialized and cooperative functions of T and B cells 
remain impaired up to one year or more postgrafting. After 
the first year postgrafting, the various components of the 
immune systems of most healthy marrow recipients begin 
to work. synchronously, whereas the immune systems of 
recipients with chronic graft-v-host disease (GVHD) 
remain crippled. Recent evidence shows that transfer of 
specific immunity from marrow donors to marrow recip- 
ients plays a role In reestablishing immunocompetence. 
Transferred antigen-specific immunity may explain why 
more recipients do not die from overwhelming infections. 
© 1987 by Grune & Stratton, inc. 


reviewed include: (1) general considerations of immunity, 
(2) issues related to acute GVHD in short-term recipients, 
(3) issues related to chronic GVHD in long-term recipients, 
(4) mucosal defense system, (5) recovery of granulocyte and 
accessory cell functions, (6) recovery of cytotoxic functions 
of lymphocytes, (7) T cell-mediated immunity early post- 


grafting, (8) T cell-mediated immunity in long-term recip- 


ients, (9) B cell-mediated immunity early postgrafting, (10) 
B cell-mediated immunity in long-term recipients, (11) use 
of immunomodulators to accelerate immune reconstitution, 
(12) reimmunizations for marrow recipients, (13) recapitu- 
lation of ontogeny, and (14) future directions. 


GENERAL CONSIDERATIONS OF IMMUNITY 


Studies at a number of transplant centers have shown that 
the repopulation of the immune and hematopoietic systems is 
dependent on appropriate proliferation, maturation, and 
differentiation of donor cells. The signals that direct immune 
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reconstitution are largely unknown. However, the key factor 
in immune reconstruction is time after grafting.’ '’ Success- 
ful immune reconstruction is dependent on the orchestrated 
emergence of many different components of the immune 
system. All marrow graft recipients have a profound impair- 
ment of most immune functions during the first four to five 
months postgrafting, regardless of the type of graft (autolo- 
gous, syngeneic, or allogeneic), the type of underlying dis- 
ease, the conditioning regimen, the type of postgrafting 
immunosuppression, the preparative regimen, or the pres- 
ence of acute GVHD. Immune reconstitution in most 
healthy long-term survivors is successfully completed by one 
to two years postgrafting, whereas the same process in 
recipients with chronic GVHD is delayed, leaving them 
susceptible to infections. 

The marrow recipient progresses from an immunologic 
state characterized by primitive cytotoxic systems such as 
natural killer activity, and the predominance of cells with 
suppressive functions to a more mature immunologic state 
characterized by finely tuned immune responses. Initially 
there is reestablishment of phagocytic functions followed by 
repopulation of the early lymphoid elements responsible first 
for primitive and then for more specific cytotoxic functions. 
Subsequently T cells responsible for regulatory functions 
emerge. The early suppressive T cell signals are followed by 
the development of mature helper T cell signals. Evidence 
suggests that the transition from a predominance of suppres- 
sion to a predominance of helper activity in the recipient can 
be disrupted by chronic GVHD or its treatment. Transfer of 
existing donor immunity may play a role in achieving anti- 
gen-specific immune reconstitution in both the T and B cell 
compartments of the recipient immune system. 

The role of the host thymus in this reconstitution process 
remains elusive in human marrow transplantation. Age of 
recipient at transplant, irradiation, and chemotherapy could 
all affect the functional capacity of the thymic microenviron- 
ment to properly facilitate the maturation of donor T cells. 
Furthermore, other nonthymic components of the immune 
system that may play roles in controlling the recapitulation 
of immune ontogeny could also have been damaged during 
the preparative regimen. Though ill defined, both thymic and 
nonthymic factors influence immune reconstitution. 

Although host immunity is severely compromised by the 
preparative regimens, it is not absent. Graft rejections or lack 
of sustained engraftment in patients with severe aplastic 
anemia or patients who receive T cell-depleted marrow are 
probably mediated by persistent host immunity. Pretrans- 
plant transfusion sensitization increases graft rejections in 
patients with aplastic anemia,'° whereas untransfused aplas- 
tic anemia patients have a lower incidence of graft rejection 
than their transfused counterparts.” 

Graft failures in recipients who receive T cell-depleted 
bone marrows to prevent acute GVHD suggest that removal 
of all T cells may be a two-edged sword. Vigorous removal of 
T cells has decreased the incidence of acute GVHD but has 
increased the incidence of graft failure and recurrent leuke- 
mia. Graft failure occurs presumably due to residual irradia- 
tion-resistant host cells that destroy the marrow graft. (The 
role of cytotoxic T cells in GVHD and host defense is 
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reviewed on later pages.'*) The general consensus is that 
certain T zell populations in the marrow inoculum may be 
needed to ‘acilitate sustained engraftment in the face of host 
resistance and to maintain immune surveillance against the 
expansion of residual leukemic clones. 

Low levels of persistent hos: immunity may play a protec- 
tive role against bacterial, fungal, and viral pathogens in the 
first three months after marrow grafting. Persistent hosi- 
type isohemagglutinins can be detected up to three to four 
months pestgrafting in recipients who receive ABO incom- 
patible marrows.'’ These findings suggest that surviving 
chemoradioresistant host lymphocytes or persistent antigen 
may havea role in the education of naive donor cells. 


ISSUES RELATED TO ACUTE GVHD 
IN SHORT-TERM RECIPIENTS 


When the emerging immune system in the recipient does 
not recognize antigens on host tissues as self, it may mount 
an appropriate immunologic reaction against foreign anti- 
gens (acute GVHD). This ability to attack host tissues 
demonstrates “misdirected” immunocompetence of the 
graft. Ths misdirected immunocompetence may be due to 
improper thymic reeducation, altered thymic microenviron- 
ment, or Aost-recipient histoincompatibility. Unfortunately, 
this attack often has very serious effects on the marrow 
recipient. The principal target organs of acute GVHD in 
animals and man are the skin. liver. and gastrointestinal (GI) 
tract.'!*! Cytotoxic cells are thought to play a major role in 
the immunologic attack. The clinical manifestations of acute 
GVHD range from mild skin rashes, impairment of liver 
function, and GI disturbances such as nausea, vomiting, and 
diarrhea to severe disease with full thickness skin eruptions 
with bullae formation, liver failure, bloody diarrhea from 
denuded intestinal epithelium, and depressed immune func- 
tions leading to life-threatening sepsis. Roughly half the 
marrow recipients transplanted with allogeneic bone marrow 
from HLA-identical siblings develop acute GVHD. Approxi- 
mately 10% to 15% of all marrew recipients die of acute 
GVHD ert its associated complications. Acute GVHD, per se, 
results ir immunosuppression. 

Acute GVHD may be enhanced by the presence of entero- 
bacteria in the gut. The enterobacteria invading the gut 
mucosa nay share antigenic determinants with host epithe- 
lium resulting in enhanced cytotoxic Immune responses 
directed at the mucosal lining.” Observations that support 
this hypothesis are (1) recipients with acute GVHD have 
more infections than those without GVHD*”’; and (2) the 
protective environments of laminar air flow rooms reduce the 
number of infections and delay the onset of acute GVHD in 
recipien:s transplanted for aplastic anemia.” 

Since acute GVHD is a major impediment to successful 
marrow transplantation, immunosuppressive agents have 
been given pre- or postgrafting to prevent the development of 
acute GVHD.” These agents may further immunosuppress 
the recipient's immune system and prolong the susceptibility 
to infections. Methotrexate, cyclophosphamide, and cyclo- 
sporine (Cs) have been commonly used to prevent GVHD in 
man. 2*7 The advantage of Cs over methotrexate is faster 
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engraftment, less mucositis, decreased platelet support, and 
a shorter hospital stay. However, immune function tests in 
those who received Cs prophylaxis for GVHD were not 
different from those who received methotrexate.” The recent 
combination of methotrexate and Cs to prevent GVHD has 
been more successful than methotrexate alone in reducing 
the incidence of acute GVHD and in improving long-term 
survival.” 

Adapting the well-characterized murine transplant mod- 
els using T cell depletion for preventing GVHD in man has 
been cumbersome at best. Since cytotoxic T cells are thought 
to mediate the damage to tissues in acute GVHD, methods to 
remove T cells from marrow inocula have been used to 
prevent GVHD. These methods include treatment with 
antithymocyte globulin, monoclonal antibodies (MoAbs) 
directed at T cells, lectin agglutinin sedimentation, or sheep 
erythrocyte rosetting.*’ Although T cell depletion proce- 
dures have decreased the incidence and severity of acute 
GVHD, the general consensus is that over-zealous T cell 
depletion has led to graft failure in recipients transplanted 
for acute leukemias. Furthermore, vigorous T cell depletion 
may be removing T cells that mediate a praft-v-leukemia 
effect. Most transplant groups agree that the incidence of 
leukemic relapse has increased with T cell depletion of the 
marrow graft. These procedures may also lead to increased 
abnormalities of immune reconstitution. 

Recent studies show that depleting CD4 cells from the 
marrow may prevent acute GVHD and still permit sustained 
engraftment.” Although most models implicate cytotoxic 
CD8 cells in the pathogenesis of GVHD, there is no evidence 
that rules out the participation of CD4 cells or both CD4 and 
CD8 cells in the pathogenesis of acute GVHD. Follow-up 
studies on recipients who receive T cell-depleted marrow 
grafts will help sort out such issues. 

No data directly support the hypothesis that specific 
cytotoxic cells or specific antibodies mediate the immune 
reaction seen in clinical GVHD.**"™ Incriminating immuno- 
logic evidence for the existence of specific alloreactive T cells 
or specific antibodies directed at tissues bearing non-HLA 
antigens is absent.” Mixed lymphocyte culture assays 
using donor-derived cells from marrow recipients with acute 
GVHD failed to detect proliferative responses to cryopre- 
served host lymphocytes.” One recent study showed that T 
cell clones isolated from skin biopsies involved in acute 
GVHD could proliferate in response to host lymphocytes; 
however, ‘direct cytotoxicity mediated by such cells was not 
shown.*! New approaches for understanding the immunobi- 
ology of GVHD are needed. Simple questions remain unan- 
swered, such as “What are the affector and effector cells 
mediating GVHD in human transplant recipients?” and 
“What are the target cells in the various organ systems 
affected by GVHD?” 

A promising predictive test for acute GVHD was recently 
developed. Donor lymphocytes were sensitized against 
recipient lymphocytes in vitro and cocultured with recipient 
skin. The coculture system showed histologic changes similar 
to acute GVHD and was able to predict acute GVHD. Such 
a test may be useful in selecting donors for transplantation 
and selecting the type of GVHD prophylaxis. 
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ISSUES RELATED TO CHRONIC GVHD 
IN LONG-TERM RECIPIENTS 


Chronic GVHD occurs in 35% to 45% of the patients 
receiving HLA-identical bone marrow transplants at any 
time between 100 days and 15 months postgrafting.” The 
clinical picture of chronic GVHD resembles autoimmune 
diseases such as scleroderma, systemic lupus erythematosus, 
Sjégren’s syndrome, lichen planus, and eosinophilic fasciitis. 
This analogy is supported by the findings of circulating 
autoantibodies and deposits of immunoglobulin and comple- 
ment at the dermal-epidermal junction.“ The manifesta- 
tions of chronic GVHD include skin lesions, severe buccal 
mucositis, keratoconjunctivitis, esophageal and vaginal stric- 
tures, large intestinal involvement, chronic liver disease, and 
failure to thrive. 

Increasing patient age at transplant is associated with an 
increased incidence of chronic GVHD. The presence of 
nonspecific suppressor cells in the mixed lymphocyte culture 
assay”? and the increased suppressor T cell activity in 
immunoglobulin production assays may reflect similar 
abnormal nonspecific regulatory phenomena in recipients 
with chronic GVHD. HLA nonidentity between recipient 
and marrow donor increased the risk of varicella zoster 
infections after marrow grafting, and the presence of chronic 
GVHD predisposed the recipient to late varicella zoster 
infections.» The increased incidence of varicella zoster infec- 
tions may be related to the immunosuppressed state of those 
with chronic GVHD. 

The association between acute and chronic GVHD and 
their responses to immunosuppressive therapy suggest that 
chronic GVHD is mediated by lymphocytes reacting against 
host antigens. In vitro studies support this speculation. 
Donor-derived lymphocytes from long-term recipients with 
chronic GVHD exhibited unidirectional mixed lymphocyte 
culture reactivity to cryopreserved host lymphocytes and 
cytotoxic activity directed at host fibroblasts.“ The unidi- 
rectional mixed lymphocyte culture reactivity was present in 
a higher proportion of recipients with chronic GVHD than in 
long-term recipients without chronic GVHD.™ These cells 
were not detected in healthy recipients presumably due to the 
presence of specific suppressor T cells that suppress the 
immune reaction of donor cells to trinitrophenol-modified 
host cells. The presence of nonspecific cells to unrelated 
cells in mixed lymphocyte cultures and increased suppressor 
T cell activity after pokeweed mitogen activation in half of 
the recipients with chronic GVHD may be an attempt by the 
newly developing immune system to compensate for its 
overactivity directed at non-HLA antigens. Lack of appro- 
priate thymic reeducation of donor lymphocytes by a defec- 
tive, damaged, or histoincompatible thymic microenviron- 
ment may contribute to the pathogenesis of chronic GVHD. 


MUCOSAL DEFENSE SYSTEM 


Although difficult to quantify, chemoradiotherapy dam- 
age to the mucosa in the marrow recipient is a major insult to 
the host immune system. The mucosal defense systems are 
then further damaged by acute GVHD. Alterations in the 
integrity of mucosal linings and the impaired local IgA 
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secretion by B cells in the linings of the intestinal, respirato- 
ry, and urinary tracts may provide easy access for invading 
pathogens. It is clear from the types of infections that occur 
and the timing of such infections that mucosal immunity 
(“the first line of defense”) is severely impaired in the first 
100 days postgrafting and continues to be impaired in 
recipients who have chronic GVHD. Skin biopsies from 
long-term recipients with chronic GVHD show histologic 
evidence of sialadenitis, stomatitis, or both with sialodochi- 
tis.’ Salivary gland involvement was associated with 
decreased or absent levels of IgA, decreased salivary flow 
rates, and increased concentrations of sodium, albumin, and 
IgG.” If one adds these findings to the low serum IgG and 
IgM levels in the first several months after grafting and 
serum IgA levels that remain low for more than one year 
postgrafting in the majority of marrow graft recipients,” 2" 
it is not surprising that fatal infections occur despite protec- 
tion afforded by antibiotics, laminar air flow rooms, granulo- 
cyte transfusions, and immune globulin transfusions. 


PHAGOCYTIC AND ACCESSORY CELL FUNCTIONS 


Studies on neutrophils show that their numbers normalize 
early, but they have impaired chemotaxis up to four months 
postgrafting.”**? Neutrophil iodination capacity, a measure 
of the ability of neutrophils to phagocytize and activate 
oxygen-dependent mechanisms of intracellular killing, were 
not different from normal controls during the early period.” 
These findings partially explain why fungal and bacterial 
infections are common postgrafting when neutrophils are 
absent and neutrophil chemotaxis is impaired. 

Peripheral blood monocytes from marrow recipients can 
be shown to be of donor origin by cytogenetic markers as 
early as 41 days postgrafting.®’ Tissue-fixed macrophages in 
the lung and liver are of donor type by day 80 postgraft- 
ing. Monocytes have been reported to exhibit normal 
chemotaxis, adherence, phagocytosis, and cytotoxicity early 
postgrafting.” 

Studies on the antigen-presenting accessory cell functions 
of peripheral blood monocytes from marrow recipients show 
that monocytes can successfully present killed Escherichia 
coli bacteria in proliferation assays.°’ Enriched monocyte 
populations from the majority of short-term and long-term 
marrow recipients were capable of providing accessory cell 
function in T cell-dependent pokeweed mitogen-stimulated 
immunoglobulin production.” Suppressor activity in poke- 
weed mitogen-stimulated immunoglobulin production me- 
diated by monocytes was detected in only a few marrow 
recipients with chronic GVHD.” Interleukin 1 (IL 1) pro- 
duction by monocytes from marrow recipients is normal by 
five to six weeks postgrafting.” By six weeks posttransplant, 
monocyte functions are generally intact. 


CYTOTOXIC FUNCTIONS OF LYMPHOCYTES 


Impaired T cell-mediated or natural killer (NK) cell- 
mediated cytotoxicity directed at viruses may account for 
nearly one half of the allogeneic recipients developing infec- 
tions with the herpes group of viruses postgrafting. Cyto- 
megalovirus (CMV) accounts for roughly 60% of the inter- 
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stitial pneemonias that occur during the first three months 
postgrafting.” Attempts to prevent or treat CMV pneumo- 
nias with various agents or CMV immune globulin have met 
with variable success.“ ”? 

The role of NK cells directed at viruses and cytotoxic T 
cells directed at viruses during the immediate postgrafting 
period remains controversial. Most studies show that NK 
activity against K562 or Chang targets, lectin-dependent 
cellular cytotoxicity, and antibody dependent cellular cyto- 
toxicity recover rapidly to normal levels in the majority of 
marrow recipients by 30 to 50 days postgrafting, °” but up 
to 20% of the marrow recipients continue to have deficient 
cytotoxic functions a year or more postgrafting.” One study 
showed that HLA-restricted CMV -specific cytotoxic T lym- 
phocyte responses to CMV and natural killer cell responses 
to CMV develop postgrafting and that low or nonexistent 
cytotoxic responses occur at the onset of CMV infections in 
recipients who develop fatal infections.” Another study 
showed that NK activity fell from normal levels when 
recipients developed severe viral infections, and there was a 
correlation between the incidence of acute GVHD and high 
NK activicy.”° Other studies show no significant correlations 
between cytotoxic activity and clinical findings such as 
infections. GVHD, and recurrent leukemia.” 

impaired cell-mediated lympholysis (CML) occurred in 
cells from recipients with acute and chronic GVHD, whereas 
most short-term and long-term recipients without GVHD 
had normal CML responses.’* Interleukin 2 (IL 2) produc- 
tion was reduced in short-term recipients with acute 
GVHD.’ The addition of IL 2 to the mixed lymphocyte 
cultures Curing the sensitization phase could restore CML 
reactivity in lymphocytes from recipients with acute GVHD 
but not in lymphocytes from recipients with chronic 
GVHD." One simple explanation for the heterogeneous and 
conflicting reports on cytotoxic cell function would be the 
differences in the techniques used to study recipients and the 
differences in the study populations. A unifying and biologi- 
cally relevant explanation is that the current studies may 
reflect a spectrum of maturational stages of cytotoxic cells. 


T CELL-MEDIATED IMMUNITY EARLY POSTGRAFTING 


Donor-derived T and B cells repopulate the peripheral 
blood in allogeneic marrow recipients within the first three 
months. However, repopulation of T cell subsets as defined 
by surface phenotypic markers using monoclonal antibodies 
or Fe-receptor rosetting occurs at different rates for both 
subsets and individual recipients. The consensus of most 
studies using phenotypic markers for the helper-inducer 
phenotye (CD4) and the suppressor/cytotoxic phenotype 
(CD8) postgrafting is that the absolute number of CD4 cells 
is lower than normal in the first three to six months 
postgrafting, and the absolute number of CD8 cells is higher 
than normal in the first six months postgrafting resulting in 
lower than normal helper-inducer/suppressor-cytotoxic cell 
ratios.”*** Similarly, the proportions of Fe-lgG receptor- 
bearing T cells (Tg. suppressor phenotype) were increased, 
and the sroportions of Fe-IgM receptor-bearing T cells (Ty, 
helper phenotype) were decreased early after transplant 
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leading to decreased T,/Ty, ratios observed in recipients up 
to three years postransplant.** Immature T cells or thymo- 
cytes (OKT10) were found circulating in small numbers up 
to six to 12 months postgrafting.*““"' The expression of 
HLA-DR (la-like) antigens was increased after three 
months postgrafting.*! Several groups have shown associa- 
tions between viral infections and decreased CD4/CD8 
ratios," but other groups have not shown such an associa- 
tion.“ In autologous marrow graft recipients it has been 
suggested that low CD4/CD8 ratios may be predictive of 
CMV infections. Some groups showed a correlation 
between low CD4/CD8 ratios and acute GVHD.” How- 
ever, Other studies indicate that most short-term autologous 
marrow recipients have low CD4/CD8 ratios.” Long-term 
recipients with chronic GVHD persist in having low propor- 
tions of CD4 cells and high proportions of CD8 cells, 11797% 

The expression of IL 2 receptors, identified by the MoAb 
anti-TAC,®™ on T cells from marrow recipients less than six 
months postgrafting is controversial. One group did not find 
IL 2 receptor positive T cells,*! whereas a more recent report 
showed >25% of the cells in the peripheral blood of marrow 
recipients undergoing graft rejection or acute GVHD were 
IL 2 receptor positive.” In our studies peripheral blood 
lymphocytes from five of 12 short-term recipients with or 
without GVHD between 45 and 83 days postgrafting 
expressed IL 2 receptors ranging from 1.0% to 12.3% (Lum, 
unpublished). The expression of IL 2 receptors may repre- 
sent in vivo activation of T cells by any number of clinical 
events or treatments. Investigators have found that OKT10 
and Ja were expressed on the T cells from short-term 
recipients.”***** Inverted CD4/CD8 ratios and the expres- 
sion of OKT 10 and Ia antigens may simply reflect immature 
and/or regenerating T cell populations early after marrow 
grafting with CD8 cells arising first. The effects of chronic 
GVHD on this sequence of events are discussed later. 

In vivo cellular immunity as measured by delayed-type 
hypersensitivity is impaired in the first 100 days postgraft- 
ing.” In vitro proliferative responses after stimulation with 
mitogens, specific antigens, and alloantigens measured by 
*H-thymidine uptake are low during the first 100 days 
postgrafting.™!®!? 

A number of investigators have used a variety of in vitro 
systems for testing the ability of T and B cells from short- 
term marrow recipients to produce immunoglobulin after 
nonspecific activation with agents such as pokeweed mitogen 
or Protein A from Staphylococcus aureus. ” T cells from 
two thirds of the recipients did not provide T cell helper 
activity and had increased suppressor T cell activity.” More 
recent studies designed to identify T cell subsets responsible 
for abnormalities in T cell function show that CD4 cells 
failed to help and frequently exhibited suppression, and CD8 
cells did not routinely exert suppressor activity.” Overall, T 
cells failed to help their B cell counterparts during the early 
period postgrafting to produce immunoglobulin. Such func- 
tional data indicate that T cells are not ready to perform in a 
concerted fashion with B cells early after grafting. In addi- 
tion, T cells responsible for suppressor activity directed at 
Epstein-Barr virus (EBV)-driven B cell clones may not 
function, thereby permitting the development of B cell 
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lymphomas early after transplantation in those receiving T 
cell-depleted bone marrow. This notion is supported by 
observations in our laboratory showing that EBV-driven 
immunoglobulin secretion by donor B cells is often not 
suppressed by recipient T cells, whereas normal T cells do 
suppress the EBV-driven immunoglobulin secretion response 
of B cells.” 


T CELL-MEDIATED IMMUNITY IN LONG-TERM RECIPIENTS 


After one year postgrafting, marrow recipients without 
chronic GVHD normalize their CD4/CD8 ratios, but those 
with chronic GVHD have persistently elevated proportions 
of CD8 cells with decreased proportions of CD4 cells in their 
peripheral blood.''*'** Low numbers of circulating CD4 cells 
in recipients with chronic GVHD may be a result of selective 
in vivo sequestration and/or depletion by ongoing GVHD 
reactions occurring in the skin, liver, or gut. This inverted 
ratio 1s associated with a number of in vitro findings 
described in the following sections. 

Greater than 90% of marrow recipients make at least one 
positive response to a battery of five recall skin test antigens 
by four years postgrafting. Proliferative responses to mito- 
gens, alloantigens, and specific antigens return to normal or 
near normal values after six months to one year postgrafting 
in recipients without chronic GVHD.” 

Early studies performed in the pokeweed mitogen system 
using T cells from long-term marrow recipients with and 
without chronic GVHD showed that roughly one half of 
those with chronic GVHD had T cells that failed to provide 
helper activity and exhibited excessive suppressor activi- 

Shih Fractionation of T cells from recipients with 
chronic GVHD into Fc-IgG receptor positive T cells (Tg) 
and Fc-IgG receptor negative T cells (Tg) showed heteroge- 
neous helper and suppressor activity in both T cell subsets.!” 
Such T cell defects were less frequent in healthy long-term 
survivors. One study showed increased spontaneous Ig 
secretion by B cells from recipients with chronic GVHD.'@ 

Later studies showed that excessive suppressor T cell 
activity, for the most part, was due to increased proportions 
of CD8 cells. CD4 cells from one third of the patients with 
chronic GVHD did not provide helper activity,*"™ whereas 
CD4 cells from healthy long-term survivors consistently 
provided helper activity in the pokeweed mitogen system. 
Studies using immunoglobulin production assays show het- 
erogeneous functional responses in the CD4 and CD8 T cell 
subsets from recipients with and without chronic GVHD. 

In a recent study, tetanus toxoid, herpes simplex type 1 
virus, and pokeweed mitogen were used to develop functional 
profiles of CD4 and CD8 subsets from long-term marrow 
graft recipients.” The study showed that immune recon- 
struction occurs in a variable fashion associated with 
extremely heterogeneous T and B cell subset functions. 
Recipients with chronic GVHD had delayed reacquisition of 
normal function within each T cell subset. The spectrum of 
functional responses found in the T cell subsets may reflect 
developmental stages within each phenotypic lineage post- 
grafting. However, these nonspecifically stimulated func- 
tional assays of immunoglobulin production did not correlate 
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with in vivo specific antibody titers to tetanus toxoid or 
herpes simplex virus on a per patient basis.” 


B CELL-MEDIATED IMMUNITY EARLY POSTGRAFTING 


Levels of IgG and IgM in the serum return to normal after 
three to four months postgrafting, but levels of IgA may 
remain low for years.’'°'* IgE levels have been reported by 
several groups to be elevated in association with acute 
GVHD.'%'® Levels of the total hemolytic complement, the 
third component of complement, and the fourth component 
of complement are normal in the first three months post- 
grafting. Allogeneic and syngeneic marrow recipients 
have severely depressed antibody responses to immunizations 
with the neoantigens keyhole-limpet hemocyanin, pneumo- 
cocccal polysaccharide type 3 antigen, and bacteriophage 
0X174 in the first six months postgrafting.™ >" An early 
study used specific antibody titers to keyhole-limpet hemo- 
cyanin and yellow fever virus as immunologic probes in a 
short-term marrow recipient to prove lymphoid engraftment 
after transplantation from an identical twin donor who was 
immunized to keyhole-limpet hemocyanin and yellow fever 
virus pretransplant.” The recipient developed antibody ti- 
ters to keyhole-limpet hemocyanin. Recent data from this 
and other laboratories show that IgG antibody titers to recall 
antigens such as tetanus toxoid, diphtheria toxoid, and 
measles virus can be detected within the first 100 days 
postgrafting with or without booster immunizations to the 
test antigens.''®''* Two hundred and twenty-one of 235 
(94%) short-term patients had titers to tetanus toxoid, 176 of 
232 (76%) short-term recipients had titers to diphtheria 
toxoid, and seven of eight (87%) short-term recipients had 
titers to measles virus”? (Lum, unpublished). Specific anti- 
body titers to recall antigens in short-term marrow recipients 
were in the normal range without booster immunizations, 
whereas responses to primary and secondary immunizations 
with neoantigens postgrafting were severely depressed dur- 
ing the early period postgrafting. 

The source of the specific antibodies to recall antigens 
during the first 100 days remains unclear. The likely source 
of antibody is B cells of donor origin. However, persistent 
host antibodies, persistent host B cells producing antibody, 
passively acquired antibody via blood product support, and 
the stimulation of already precommitted memory B cells 
transferred from the donor may all contribute to antibody 
titers to recall antigens. Antigen-specific helper activity may 
not be required for in vivo antibody synthesis by precommuit- 
ted B cells. This hypothesis is supported by one report that 
shows that titers to tetanus toxoid and hepatitis B are 
detectable in short-term recipients who received T cell- 
depleted marrows by immunizing donors alone or both the 
donors and the recipients pretransplant. '™ 

The probability of detecting host-type isohemagglutinin in 
ABO-incompatible marrow graft recipients is less than 0.20 
by day 80 postgrafting and is zero by day 120 postgrafting.”’ 
Therefore, the levels of specific antibody to recall antigens 
detected at 100 days postgrafting suggest a major contribu- 
tion produced by transferred donor B cells. Immunoglobulin 
allotypes of donor origin have been detected as early as 113 
days postgrafting.''* Clearly, the synthesis of antibodies of 
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donor allotype must begin before this time to be detected 
without interference from host-type allotypes. 

B cell phenotyping data in the first two months postgraft- 
ing show that B cells from allogeneic marrow recipients have 
normal or near normal numbers of surface immunoglobulin 
positive (slg*) B cells as measured by polyvalent antisera 
directed at human immunoglobulin.” ®? However, recent 
phenotyping data shows the appearance of B cells bearing 
the CD5 T cell antigen 30 days postgrafting.’’° The CDS* B 
cells were present in healthy recipients. High proportions of 
CD5* Beells are found in fetal spleen (30% to 50%).”' These 
B cells may represent an early stage of differentiation of 
normal B cells or a separate lineage.''® Data from this 
laboratory show that populations of slgG, slgM, sigA, or 
slgD* B cells in peripheral blood lymphocytes may be absent 
in certain recipients (Lum, unpublished). The most likely 
explanat:on for these findings is that B cells lacking a specific 
surface marker may be associated with specific maturational 
defects. This notion is supported by a study that showed B 
cells from marrow recipients had higher numbers of primi- 
tive u-determinants per B cell than normal B cells''’; these 
findings are similar to those found in murine splenic B, cells 
that display increased u-determinants early in ontogeny. 

B cell-enriched populations from marrow recipients in the 
first three months postgrafting fail to produce in vitro 
antibody after stimulation with specific or nonspecific acti- 
vators in the presence of normal T cells." '* B cells from 
a few marrow recipients in the early period produced nonspe- 
cific immunoglobulin after EBV (T-independent) stimula- 
tion.’ Stimulation with EBV to polyclonally activate 
production of IgG antitetanus toxoid antibodies (anti-TT) 
was not successful during the early period. Furthermore, B 
cells from short-term recipients failed to produce anti-TT 
after stimulation with tetanus toxoid in the presence of donor 
His 

In assays for B cell activation, proliferation, and differen- 
tiation, B cells from short-term marrow recipients cannot be 
activated by staphylococcal aureus Cowan I bacteria (SAC) 
to subsequently proliferate or differentiate in the presence of 
normal T cell factors coataining B cell growth factor 
(BCGF., B cell differentiation factor (BCDF). and IL ra 
With the exception of preprogrammed spontaneous antibody 
secretion, the B cells from marrow recipients seem incapable 
of responding to exogenous signals. 


B CELL-MEDIATED IMMUNITY IN LONG-TERM RECIPIENTS 


Primery and secondary responses to neoantigens (keyhole- 
limpet hemocyanin and bacteriophage 0X174) recover to 
normal levels by one year in healthy recipients but remain 
impaired in those with chronic GVHD. Those with chronic 
GVHD not only have defective primary responses to bacteri- 
ophage 9X174, but they fai! to switch from IgM production 
to IgG production in secondary responses.” 

Recent studies using recall antigens have been informa- 
tive. In healthy long-term recipients, 85 of 125 (68%) studied 
had IgG titers to tetanus toxoid; 62 of 104 (60%) had IgG 
titers to diphtheria toxoid, and 12 of 18 (66%) had IgG titers 
to measies virus. In recipients with chronic GVHD, 79 of 166 
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(48%) studied had IgG antibody titers to tetanus toxoid; 40 
of 136 (29%) had IgG titers to diphtheria toxoid, and 6 of 15 
(40%) had IgG titers to measles virus’? (Lum, unpublished). 
None of the recipients (ranging from one year to nine years 
postgrafting) were boosted to the test antigens postgrafting. 
Furthermore, a number of long-term recipients who received 
T cell-depleted marrow grafts also had detectable antibody 
titers to tetanus toxoid and diphtheria toxoid. Such data 
show that there was transfer of antigen-specific B cell 
memory from the marrow donors to the marrow recipients, 
and the transferred immunity persisted for years posttrans- 
plant. One report showed transfer of anti-acetylcholin-recep- 
tor immunity from a marrow donor with myasthenia gravis 
to the marrow recipient who developed myasthenia gravis 
postgrafting.'”* Recent studies show that bone marrow 
mononuclear cells could produce specific antitetanus toxoid 
antibody after in vitro stimulation with pokeweed mitogen or 
tetanus toxoid with or without tetanus toxoid booster immu- 
nizations. 4 

B cells from three fourths of the recipients with chronic 
GVHD have impaired B cell function, whereas only one third 
of the healthy recipients have B cell defects in in vitro 
immunoglobulin production systems stimulated with poke- 
weed mitogen." 8785949710 Eurthermore, B cells from the 
same marrow recipient have different responses to different 
activators of immunoglobulin production when studied at the 
same time in systems activated by pokeweed mitogen, EBV, 
tetanus toxoid, and herpes simplex type | virus.” These 
suggest that there are functionally distinct groups for each 
activator of polyclonal immunoglobulin production that 
mature at different times postgrafting. Although the above 
studies document B cell failure, none specify the types of 
defects responsible for the lack of immunoglobulin secretion. 
These results provided the rationale in our laboratory for 
developing assays for assessing antigen-specific immunity 
and identifying the types of B cell defects that occur in 
marrow recipients. 

Our latest studies focused on antigen-stimulated specific 
antibody synthesis in lymphocytes obtained from long-term 
recipients. Anti-TT synthesis was induced using a tetanus 
toxoid-specific system.'”> An early study showed that tetanus 
toxoid-specific T cell helper activity can be detected in 
cocultures of recipient T cells and donor B cells.” However, 
recipient B cells cocultured with donor T cells failed to 
produce anti-TT. The results of this study suggest that 
antigen-specific T cells can be transferred in marrow trans- 
plantation. In another study designed to rule out the possibil- 
ity of low antigen-specific B cell precursor frequency, we 
used high numbers of T and B lymphocytes per culture and 
found that only a minority of marrow recipients had B cells 
capable of producing in vitro anti-TT when increased num- 
bers of lymphocytes were placed in culture.'*® These studies 
demonstrated that antigen-specific precursor frequency is 
low in long-term marrow recipients. Roughly one third of 
long-term marrow recipients had B cells capable of produc- 
ing anti-TT after EBV stimulation.''? These data suggested 
that the majority of B cell defects were primarily due to 
deficient function rather than a low antigen-specific B cell 
precursor frequency. 
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In assays that assess nonspecific B cell activation, prolifer- 
ation, and differentiation, B cells from long-term marrow 
recipients exhibited two patterns in their B cell func- 
tions.” '”? B cells from some recipients could be activated 
with SAC but had decreased proliferative and differentiative 
responses to T cell supernatants containing B cell growth and 
differentiation factors. B cells from other recipients could 
proliferate but could not synthesize immunoglobulin alter 
SAC activation and stimulation with T cell supernatants. 
Healthy long-term recipients had fewer, less severe B ceil 
defects in these B cell function assays. Such B cell defects 
were not observed in the normal control subjects. There was a 
high degree of correlation (P = 0.0075) between low [gG 
levels in marrow recipients and the failure of B cells from 
marrow recipients to synthesize IgG after costimulation with 
SAC and T cell supernatants.’ These studies suggest that 
the normal maturation of B cells is interrupted by specific 
blockades at one or more stages after marrow grafting. 


ATTEMPTS TO ACCELERATE RECONSTITUTION 


Attempts to accelerate the immune reconstitution with the 
use of thymic tissue transplantation’ or thymosin fraction 
V` have not been successful nor have they influenced the 
development of chronic GVHD thought to be due to low or 
absent thymic tissue function in older (>30 years) marrow 
graft recipients. However, the results of such studies indicate 
that future administration of thymic hormones or related 
molecules may be done safely. Other hormones that might be 
considered for use in immune reconstitution are thymosin 
alpha-1, the pentapeptide thymopoietin, ™ and serum 
thymic factor.'** Varicella zoster-specific transfer factor did 
not reconstitute varicella zoster-specific immunity or prevent 
recurrent varicella zoster infections when given between day 
50 and day 64 postgrafting.'*° 

The development and availability of recombinant T and B 
cell growth factors will permit clinicians to administer spe- 
cific molecules to determine if certain T and B cell immune 
defects could be constituted in marrow recipients and other | 
patients with immune deficiency disorders. 


REIMMUNIZATIONS FOR MARROW RECIPIENTS? 


Most transplant centers have not reimmunized patients 
postgrafting. However, questions that are frequently asked 
include: (1) Do transplant recipients need to be routinely 
reimmunized to the childhood series of immunizations? (2) 
Should they be immunized to specific pathogens such as 
Streptococcus pneumoniae or Hemophilus influenzae? (3) 
Should live viral vaccines be used in the reimmunization of 
marrow recipients? 

Recent studies that show transfer of antigen-specific 
immunity from the marrow donors to marrow recipients 
suggest that a significant number of marrow recipients will 
develop specific antibody titers to recall antigens without 
reimmunization to the specific antigens. Obviously, those 
who develop antibody titers need not be reimmunized to the 
specific antigens. However, those who do not develop anti- 
body titers need to be considered for reimmunizations with 
diphtheria toxoid, tetanus toxoid, and inactivated polio vac- 
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cines and followed for the development of specific antibody 
titers. Herd immunity and transferred specific immunity 
may help explain why more marrow recipients do not 
succumb to measles, polio, tetanus, diphtheria, and pertussis 
infections. Vaccinations with live viral vaccines are not 
recommended. The inactivated Salk polio vaccine would be 
useful for those at risk during outbreaks of polio. The value of 
specific viral or bacterial vaccines (herpes vaccine, Pneumo- 
vax) In marrow recipients remains debatable. In some immu- 
nodeficiency states the efficacy of such immunizations is 
poor. 

Furthermore, it is unclear how many immunizations with 
a specific vaccine would be necessary to obtain specific 
immune responses in the transplant population. Those 
undergoing reimmunization schedules would likely require 
two or three immunizations before they would develop 
circulating antibody titers. Recipients being treated for 
active chronic GVHD should have their immunizations 
deferred until their disease is resolved, since it is likely that 
they would not respond to immunizations. Titers to the 
specific antigen should be followed to determine if an 
immune response was obtained. 


RECAPITULATION OF ONTOGENY 


Immune reconstitution after human marrow grafting has 
offered a unique model for studying stages of normal 
immune ontogeny, transfer of immunity, and immune 
defects that may parallel those seen in immunodeficiency 
disorders. The kinetics of immune reconstitution follow a 
general pattern. First to appear are cytotoxic and phagocytic 
cells. More mature systems characterized by highly special- 
ized cellular functions such as proliferation, helper activity, 
differentiation, lymphokine production, and antibody bio- 
synthesis appear later. The latter functions require complex 
and finely tuned cell-cell interactions mediated by cell con- 
tact and soluble factors. As the elements of the immune 
system regain their roles, healthy long-term recipients 
develop immunocompetence sooner than those with chronic 
GVHD. During the recapitulation of ontogeny over a time 
period ranging up to four years postgrafting, a spectrum of 
functional and nonfunctional stages within various T and B 
cell phenotypes are expressed. The development of immuno- 
competence includes antigen-specific immunity transferred 
from the marrow donor to the marrow recipient as shown by 
(1) the detection of specific antibody titers to recall antigens 
and (2) the ability of T and B cells from long-term recipients 
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to produce specific recall antibodies in vitro. The overall 
pattern of immune reconstitution is delayed in recipients 
with chronic GVHD. The delay may be due to failure of 
lymphocyte subsets to progress through certain develop- 
mental stages. On the other hand. the syndrome of chronic 
GVHD with autoantibody formation and other autoimmune 
phenomena may be a result of immune dysregulation due to 
unregulated overactivity of certain lymphocyte subsets. (Per- 
haps with appropriate thymic education this would not 
occur.) 

For the sake of discussion, the immune reconstruction 
process was artificially divided inte early and late phases and 
into the various cell types. However, one must emphasize 
that synchronization of various components of the lymphoid 
system is essential for complete reconstitution. Without 
appropriate synchronization of the various elements of the 
immune system the result would be immune dysfunction. Of 
the multiple factors studied for their effects on immune 
reconstitution, time continues to be a key factor affecting the 
reestablishment of immunocompetence. It remains unclear 
whether certain immune deficits lead to the development of 
GVHD or immune deficits are a result of GVHD or its 
treatment. Furthermore, the effects of T cell depletion of 
bone marrow or HLA-mismatched transplantation on 
immune reconstitution are unknown and remain areas of 
active investigation. 


FUTURE DIRECTIONS 


The questions that emerge from this review suggest future 
laboratory and clinical investigations revolving around the 
following issues: (1) augmenting specific immunity to patho- 
gens before and/or after transplant by administering vac- 
cines or vaccine substitutes, (2) the clinical use of growth 
factors to restore specific T and B cell functions, (3) the use 
of adoptively transferred donor-derived cytotoxic T cell lines 
directed at specific viral or bacterial pathogens to treat 
recipients with specific infections. and (4) the insertion of 
specific genes into the bone marrow inoculum using retrovi- 
ral vectors to reconstitute specific immune defects. These 
maneuvers are approaches that may accelerate immune 
reconstitution and shorten the immunodeficiency experi- 
enced by marrow recipients. 
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BRIEF REVIEW 


Plasminogen Activator Inhibitors 


By E.D. Sprengers and C. Kluft 


ROTEOLYTIC DEGRADATION of fibrin clots (fi- 
brinolysis) is mediated by the enzyme plasmin. Plasmin 
is formed in the circulation from the inactive precursor 
plasminogen through the proteolytic action of plasminogen 
activators (PA).* For both plasmin and plasminogen activa- 
tors specific inhibitors are present: a,-antiplasmin and plas- 
minogen activator inhibitors (PA-inhibitors), respectively 
(Fig 1). 

Proteinase inhibitors represent nearly 10% of the total 
protein in blood plasma.’ They control a variety of critical 
events associated with connective tissue turnover, coagula- 
tion, fibrinolysis. complement activation, and inflammatory 
reactions. As a general rule, proteinase inhibitors can react 
with several proteinases. The attribution of a specific func- 
tion to a certain proteinase inhibitor depends on its concen- 
tration and its second-order rate constant with a certain 
proteinase; these two parameters determine the half-life of a 
proteinase due to inactivation by the inhibitor. As early as 
1963 Brakman and Astrup claimed the existence of PA- 
inhibitors by demonstrating a fibrinolytic inhibitor that did 
not inhibit plasmin in the blood of pregnant women.’ Several 
reports about the presence of a specific inhibitor of PA in 
human plasma have appeared before 1982; however, due to 
the lack of appropriate kinetic data, a specific inhibitor of PA 
in blood plasma has never been convincingly demonstrated.*“ 
The question has been raised whether there is a logical 
function for specific PA-inhibitors at all, since the activity of 
PA is regulated by several mechanisms such as release from 
the vessel wall and rapid hepatic clearance, specific interac- 
tion with fibrin (at least for tissue-type PA [t-PA]) and 
proteolytic activation of single-chain PA (at least for pro- 
urokinase). Moreover, the activity of the fibrinolytic system 
is strongly regulated by the abundant plasmin inhibitor 
a,-antiplasmin (0.06 mg/mL plasma). Nevertheless, the 
existence of specific PA-inhibitors is now no longer a matter 
of dispute. PA-inhibitors can already be classified in at least 
three immunologically different groups’: the endothelial cell 
type PA-inhibitor (PAI-1), the placental type PA-inhibitor 
(PAI-2), and protease nexin-I.* Their function in the regula- 
tion of the activity of the fibrinolytic system is still only 
partly understood. This review is not meant as a historical or 
chronological review, but briefly summarizes what is pres- 
ently known about PA-inhibitors. 


*At their meeting of June 2, 1986, in Jerusalem, Israel, the 
Subcommittee on Fibrinolysis of the ICTH proposed the designation 


of PA-inhibitors by sequence numbers. Endothelial cell-type PA- 


inhibitor (nomenclature of 1985°) was proposed to be designated as 
plasminogen activator inhibitor 1 (PAI-1), and placental-type PA- 
inhibitor (nomenclature of 1985°) was proposed to be designated as 
plasminogen activator inhibitor 2 (PAI-2). Protease nexin I main- 
tains its name. In this review we use the newly proposed nomencla- 
ture. 
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TYPE 1 PA-INHIBITOR 


Endothelial cell-type PA-inhibitor (PAI-1) is synthesized 
by endothelial cells*'? and human hepatocytes in culture," 
by several hepatoma cell lines.'*'* granulosa cells,” SV-40 
virus—transformed human lung fibroblasts (the cell line 
WI-38 VA 132 RA), the MJZJ melanoma cell line,” and 
probably by vascular smooth muscle cells”; it is also found in 
the a-granules of blood platelets!" and plasma.“ This 
inhibitor reacts with both urinary-type plasminogen activa- 
tor (u-PA) and t-PA, with a second-order rate constant of 
above 10° to 107 mol/ L~? 371.7477?" The reaction of the 
inhibitor with these PA eventually results in the formation of 
sodium dodecyl sulphate (SDS)-stable complexes with a 
molecular mass that is 40 to $0 kilodaltons (kd) higher than 
the molecular mass of the free p A 10° 18.20,22,24.27.28.31-34,36,58 40 
The PA/PA-inhibitor complex has no PA activity as such, 
but after SDS/Triton X-100 treatment a PA activity can be 
generated that is much smaller than the activity of an 
equivalent quantity of free PA! 17426224041 Whether 
this is due to dissociation of a small part of the PA/ 
PA-inhibitor complex molecules induced by the SDS/Triton 
X-100 treatment or due to an intrinsic activity of the 
complex after SDS/Triton X-100 treatment is not yet clear. 
Endothelial cell-conditioned medium and blood platelets 
contain both active and inactive (latent) forms of PAL- 
j '223.3842.43 The PA-inhibitor is probably synthesized by 
cultured endothelial cells in an active form. Inactivation 
(apart from complex formation with PA) can occur in at 
least two different ways: by a rapid inactivation of newly 
synthesized PA-inhibitor upon leaving the cell, with a calcu- 
lated half-life of 0.29 hour; and by a much slower inactiva- 
tion in (cell-free) conditioned medium with a half-life of two 
to four hours at 37°C. Whether the rapid and slow 
inactivation processes also take place in vivo is not yet clear. 
The accumulation of the inactive (latent) form in 24-hour 
endothelial cell-conditioned medium, reaching up to a hun- 
dredfold excess of inactive over active PA-inhibitor,” is 
probably due to inactivation of actively synthesized PA- 
inhibitor.” The inactive (latent) form does not inhibit t-PA 
or u-PA, nor does it form complexes with these PA. This 
inactive form can, however, be “‘activated” in vitro by the 
action of protein denaturants such as SDS, urea, and guani- 
dine HCI, followed by renaturation through removal of the 
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Fig 1. The fibrinolytic system. Fibrin can be proteolytically 
degraded into soluble fibrin degradation products by the action of 
plasmin. Active plasmin is formed from its inactive zymogen 
plasminogen by the proteolytic action of PA. The dotted bar 
pointing toward PA represents proteolytic processing of single- 
chain PA into two-chain PA, a process that tremendously changes 
the catalytic properties of urokinase but affects the catalytic 
properties of t-PA in a minor way. The cascade is specifically 
inhibited at the level of plasmin by a,-antiplasmin and at the level 
of PA by PA-inhibitors. 


denaturant in the presence of a nonionic detergent. The 
PA-inhibitory activity thus generated is indistinguishable 
from the fast-acting PA-inhibitory activity of the active form 
by immunologic and functional criteria. ®® This suggests 
that a conformational change in the molecule causes the loss 
of PA-inhibitory activity of the molecule. This conforma- 
tional change can at least partly be reverted by a cycle of 
denaturation and renaturation of the molecule. 

The total PAI-1 represents up to 12.5% of the protein 
secreted by endothelial cells in culture, as determined by 
immunologic methods. Van Mourik et al have purified to 
homogeneity the PA-inhibitor from bovine endothelial cell-- 
conditioned medium by a method involving Concanavalin A 
Sepharose chromatography and preparative sodium dodecy! 
sulphate~polyacrylamide gel electrophoresis (SDS- 
PAGE). Since in bovine endothelial cell—conditioned 
medium the PA-inhibitor is almost fully in its inactive 
form,” it is obvious that the purified product is at least partly 
derived from this inactive form and is activated by SDS 
during the preparative SDS-PAGE. The bovine product has 
a molecular mass of about 50 kd and shows some microhete- 
rogeneity when isoelectrofocused in the presence of 8 mol/L 
urea, showing isoelectric points of between 4.5 and 5.0. The 
inhibitor is probably a glycoprotein which is inferred from its 
affinity for Concanavalin A.'* Moreover, the PA-inhibitory 
activity is sensitive to oxidation by H,O, and other oxidants. 
Activity can be restored by treating the oxidized PA- 
inhibitor with methionine sulphoxide reductase.” A purifica- 
tion procedure of the original active form of the PA-inhibitor 
(ie, without the use of protein denaturants) has not yet been 
described. 

The concentration of the active inhibitor tn blood plasma 
in healthy subjects shows a large interindividual variation 
and ranges from 0.0 to about 1.3 nmol/L.'°?77°°" At a 
PA-inhibitor concentration of 1 nmol/L and with a second- 
order rate constant of 10’ mol/L ~'s~', the half-life of PA in 
plasma due to inactivation by the inhibitor is about 100 
seconds, which is well in the physiologically important range. 
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In contrast, the half-life of t-PA in blood plasma due to 
inactivation by a)-antiplasmin is 90 to 180 minutes.” PAI-] 
detectable in blood plasma is indistinguishable from the 
inhibitor in endothelial cell~conditioned medium with regard 
to t-PA second-order rate constants, molecular mass 
of PA/PA-inhibitor complexes*’° 8"! and apparent disso- 
ciation constants.” The origin of PAI-1 in blood plasma has 
not yet been established. Although of course the endothelial 
cell is a good candidate, primary cultures of (human) hepato- 
cytes'* also synthesize this inhibitor. Furthermore, blood 
platelets contain this type of PA-inhibitor.!*?'** This latter 
“cell”, however, probably does not contribute to the plasma 
level of PAT-1 under physiological conditions.” 


PA-INHIBITOR TYPE 2 


In human placenta an inhibitor of u-PA and t-PA is 
present. This inhibitor was first described by Kawano et al in 
1968.% It has now been purified to homogeneity from 
placental tissue.” The inhibitor has a molecular mass of 48 
kilodaltons, as judged by gel filtration and SDS-PAGE and 
forms complexes with both the high-molecular weight and 
the low~molecular weight form of u-PA, with two-chain 
t-PA, and to a lesser extent with single-chain t-PA"! A 
monoclonal antibody of the IgG, type against this inhibitor 
has been obtained.” Recently, Kruithof et al have purified to 
homogeneity a PA-inhibitor from the human histocytic 
lymphoma cell line u-937.” This PA-inhibitor is immunolog- 
ically related to the PA-inhibitor from placenta. This u-937 
derived PA-inhibitor has a molecular mass of 47 kd as judged 
by SDS-PAGE and reacts with both u-PA and t-PA to form 
SDS-stable complexes with a molecular mass about 40 kd 
higher than that of the free PA. This inhibitor, like the 
inhibitor purified from placental tissue, reacts better (with a 
higher k,,) with two-chain t-PA than with single-chain 
t-PA.” 

The cellular origin of the PA-imhibitor in placenta is at 
present not known. It has been established that a macro- 
phage-derived cell line produces PAI-2. Moreover, several 
authors have reported the synthesis of a PA-:hibitor by 
primary cultures of human macrophages of different ori- 
gin.’ Although the immunologic relationship with PAI-2 
has not yet been established, the macrophage-derived PA- 
inhibitor shows functional similarity to PAI-2, in that it 
reacts much better with u-PA than with single-chain t-PA.* 
It has been proposed, therefore, that the PA-inhibitor from 
human placenta is of macrophage origin.” Lecander et al 
have reported the presence of PAI-2 in the plasma of 
pregnant women.” By an immunologic assay plasma concen- 
trations up to 100 we/L (2 wmol/L) of PAI-2 were observed 
in the third trimester of pregnancy. A plasma concentration 
of 2 wmal/L and a second-order rate constant of about 10° 
mol/L~'s~' with both urokinase and t-PA would result in 
a half-life of about 0.5 seconds of these activators due 
to inactivation by this inhibitor. However, it is not estab- 
lished that concentrations up to 2 wmol/L of PAI-2 in the 
third trimester of pregnancy represent 2 mol/L of active 
inhibitor. 
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PROTEASE NEXIN 


Protease nexin | has been purified to homogeneity from 
human foreskin fibroblast—conditioned medium.” It has a 
molecular mass of about 43 kd and contains approximately 
6% carbohydrate. It is a broad specificity inhibitor of trypsin- 
like serine proteinases. It reacts rapidly with trypsin 


mol/L>'s~'), u-PA (ka =~ 1.5 x 10° mol/L~'s~'), single- 
chain t-PA (k,, = 1.5 x 10° mol/L”'s~'), two-chain t-PA 
(koan = 3.0 x 10* mol/L~'s”!), and plasmin (k,, = 1.3 x 10° 
mol/L~'s~'), forming 1:1 complexes with these protein- 
ases.*' It contains a high-affinity heparin binding site; in the 
presence of heparin the rate of the reaction of protease nexin 
I with thrombin is nearly diffusion-controlled.®! 

Protease nexin Í is synthesized by a number of anchorage- 
dependent cells including fibroblasts, heart muscle cells, and 
kidney epithelial cells.” In serum-free cultures of human 
fibroblasts, secreted protease nexin I suppresses the cellular 
sensitivity to the mitogenic action of added thrombin,“ 
limits activation of secreted single-chain u-PA by exogenous 
proteinases’ and inhibits two-chain u-PA. 

Fibroblasts bear surface receptors that mediate the endo- 
cytosis and lysosomal degradation of proteinase/ protease 
nexin | complexes.®’ Protease nexin I is not detectable in 
blood plasma. Since the second-order rate constants of 
protease nexin I with thrombin and trypsin are much higher 
than with either t-PA or urokinase, protease nexin I cannot 
be considered a true PA-inhibitor. Also, because data on 
protease nexin | concentrations are lacking, a calculation of a 
half-life of plasminogen activators due to inactivation by 
protease nexin I cannot be made. 


PHYSIOLOGY OF PA-INHIBITORS 


PA play a central role in a number of physiologic 
processes. Of these, the fibrinolytic system has received the 
most attention. For this reason, most literature on PA- 
inhibitors deals with the role of these inhibitors in the 
homeostasis of the circulation. Very little is known about the 
function of PA-inhibitors in the many other physiologic 
processes in which PA are involved (tissue repair, nidation, 
fertilization, cell proliferation, etc). 

In most studies, only PA-inhibitory activity has been 
measured in assays based on titration of PA-inhibitors with 
PA. The reader should be cautioned that the interpretation 
of these assays is not always easy, since increased PA- 
inhibitory activity can be caused by either increased PA- 
inhibitor or decreased PA. Also in most studies immunologic 
data on the type of PA-inhibitor are lacking. For this reason 
we use in this review the vague term “PA-inhibitory activity” 
when more precise data are lacking. Otherwise the term will 
be more specified. 

In pooled normal human blood plasma PAI-2 and protease 
nexin | are not found. About 60% of the PA-inhibitory 
activity is PAI-1. The remaining 40% is attributed to a so far 
limitedly characterized factor, designated as PA-binding 
protein? 

The PA-inhibitory activity in blood plasma of healthy 
individuals is subject to a diurnal fluctuation: lowest values 
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are found at 3:00 PM.” Moreover, there is a large interindi- 
vidual variation of plasma PA-inhibitory activity levels (at 
9:00 AM) ranging from 0.0 to 1.3 nmol/L. On the 
other hand, the 9:00 AM value of plasma PA-inhibttory 
activity of a certain individual is constant for at least several 
weeks (Sprengers et al, unpublished results, January 1986). 
As mentioned before, the cellular origin(s) of the plasma 
PA-inhibitor has not yet been established. 

In vitro, PAI-1 is not stable at 37°C. Incubation of 
endothelial cell-conditioned medium, partly purified inhibi- 
tor, or plasma at this temperature leads to a first-order 
decrease of PA-inhibitory activity with a half-life of two to 
four hours.” Activated protein C and thrombin inacti- 
vate the PA-inhibitory activity in endothelial cell—cond)- 
tioned medium, an effect that is at least partly due to a direct 
effect of activated protein C (and thrombin) on the inhibi- 
tor.” Activated protein C can form 1:1 complexes with 
PA-inhibitor.”” This process may contribute to another link- 
age of the coagulation and the fibrinolytic system. The 
antithrombotic effect of activated protein C mediated by 
inhibiting the coagulation pathway may thus be enforced by 
its profibrinolytic potential. 

PA-inhibitory activity is very rapidly cleared from the 
circulation; half-lives of seven minutes in the rabbit” and 3.5 
minutes in the rat have been reported.” The inhibitory 
activity is cleared at a much slower rate during liver ligation, 
suggesting that clearance takes place primarily in the liver, 
as is true also for PA.” It is interesting to note that though 
the steady state level of PA-inhibitor is several orders of 
magnitude lower than that of the major plasma proteinase 
inhibitors, this short half-life suggests that the rate of 
synthesis of PA-inhibitor is approximately of the same order 
of magnitude as of the major plasma proteinase inhibitors. 

PAI-1 in blood plasma behaves as an acute-phase reactant 
protein." PA-inhibitory activity rapidly increases after 
major surgery, myocardial infarction, and severe trauma. 
We observed that PA-inhibitory activity was only increased 
on the first postoperative day, thus being the most rapidly 
reverting acute-phase reactant protein described so far.” 
Other authors observed a much more slowly reverting pat- 
tern, however. ® According to the latter authors, the acute- 
phase response parallels the response of cortisol after exten- 
sive surgery. * The administration of adrenocorticotropin 
(ACTH), however, induces cortisol to the same extent while 
leaving PA-inhibitory activity unaffected. This excludes a 
simple cause-effect relationship between increased cortisol 
and PA-inhibitory activity levels.” 

PA-inhibitory activity in plasma is also induced by infu- 
sion of a single dose of bacterial wall lipopolysaccharide 
(endotoxin) or interleukin-1.’*”? The increase is optimal in 
about four hours and is reverted within 24 hours. Lipopoly- 
saccharide and interleukin-! added to endothelial cell cul- 
ture yield a tremendous increase in PA-inhibitory activity in 
the conditioned medium of the endothelial cells. 47" It is 
significant that interleukin-} does not increase PA-inhibitory 
activity in the conditioned medium of hepatocytes and the 
human hepatoma cell line Hep G2, suggesting endothelial 
cells rather than liver as the source of increase in PA- 
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inhibitory activity in plasma by the acute-phase reaction 
mediator interleukin-1.” Thrombin added to confluent 
monolayers of human endothelial cells resulted in a sixfold 
increase in PA-inhibitory activity in 24-hour—conditioned 
medium, an effect that was dependent on RNA and protein 
synthesis.“ Although PA-inhibitor antigen was not assessed 
in this study, the authors suggest that because t-PA antigen 
was also increased, the increase in PA-inhibitory activity was 
due to an increased amount of PA-inhibitor antigen. Since 
thrombin inactivates PA-inhibitory activity in endothelial 
cell-conditioned medium” this observation can only be 
explained by assuming that the increased rate of synthesis of 
PA-inhibitor is higher than the increased rate of inactivation. 
Indeed, we recently demonstrated that low concentrations of 
thrombin added to endothelial cell cultures increase both 
PAI-| antigen and activity in the conditioned medium, 
whereas high concentrations of thrombin increase PAI-1 
antigen but decrease its activity in the conditioned medium 
due to proteolytic degradation of the inhibitor (Van Hins- 
berg et al, unpublished data, September 1986). 

Long-term oral administration of the synthetic anabolic 
steroid stanozolol to human volunteers decreases the PA- 
inhibitory activity in blood plasma.” At least 3 weeks are 
required for maximal suppression of PA-inhibitory activity 
using a dosage of 10 mg/day.*’ Treatment with stanozolol, 
10 mg orally per day for 2 weeks preoperative, significantly 
enhanced the fibrinolytic activity before surgery but did not 
prevent the decline in fibrinolytic activity which occurs after 
surgery.” In cell culture the synthetic corticosteroid dexame- 
thasone induces PA-inhibitor in HTC rat hepatoma cells.'*’® 
However, in the human hepatoma cell line Hep G2 dexame- 
thasone does not influence the secretion of PAI-1."* 

During pregnancy, PA-inhibitory activity gradually 
increases up to tenfold at the end of the third trimester." "s 
Postpartum it rapidly returns to prepregnant values. In “at 
risk” pregnancies (preeclampsia, suspected fetal growth 
retardation, diabetes mellitus, thrombosis and/or a previous 
history of thrombosis) a considerably wider range of PA- 
inhibitory activities, including much higher values, is 
observed.’ Using an immunologic assay, a gradual increase 
in PAI-2 has been reported during pregnancy, yielding 
values up to 100 ug/mL in the third trimester and rapidly 
returning to nonpregnant values after delivery.” Moreover, 
by immunoadsorption using a monoclonal anti-PAI-2 anti- 
body, PA-inhibitory activity can be isolated from pregnancy 
plasmas, suggesting that PAI-2 in pregnancy plasmas is at 
least partly active.” Unfortunately, in this study no data on 
the molecular forms or specific activity (units/mg antigen) 
of the PA-inhibitor are given; so a precise interpretation of 
the data, ie, whether all the antigen represents active PA- 
inhibitor, is not possible. Our results indicate that the 
increase in PA-inhibitory activity during pregnancy as 
assessed by a titration assay can be almost fully quenched by 
a specific anti-PAI-1 antibody (Sprengers et al, unpublished 
data, April 1985). 

Several authors studied associations of PA-inhibitory 
activity levels with certain states of disease. The most 
intensively studied pathologic state so far is deep venous 
thrombosis. Three groups independently established that 
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deep venous thrombosis is frequently (but not necessarily) 
associated with high PA-inhibitor levels.” Paramo et al 
recently found that preoperative levels of PA-inhibitory 
activity were significantly higher in patients that developed 
postoperative deep venous thrombosis.” On the other hand, 
deep venous thrombosis is also frequently associated with an 
impaired release of t-PA from the vessel wall.°’** These data 
indicate that impaired fibrinolysis can play a role in the 
pathogenesis of deep venous thrombosis. In patients with 
myocardial infarction several investigators have found an 
increased PA-inhibitory activity together with a decreased 
level of t-PA activity or antigen.” >*t In patients with 
coronary artery disease, the increase in the level of the 
PA-inhibitory activity did not correlate with the severity of 
the disease, however.” High PA-inhibitory activity levels are 
positively correlated with hyperlipoproteinemia.”” Other 
authors found a correlation between high PA-inhibitory 
activity and levels of serum triglycerides.” Juhan-Vague et 
al found increased PA-inhibitory activity levels in the plasma 
of critically ill patients with a variety of diseases: pancreatitis 
(four of eight), liver disease (three of eight), malignancy 
(five of 26), myocardial infarction (five of 28), and deep 
venous thrombosis (two of nine). Kruithof et al also 
reported an increased PA-inhibitory activity in an even wider 
variety of hospitalized subjects.” To the contrary, in termi- 
nal renal insufficiency, either in patients with nonfunctioning 
kidneys in situ or without kidneys, PA-inhibitory activity was 
not significantly different from normal values.” 

The general picture emerging is that increased PA- 
inhibitor levels in blood plasma is indicative of acute illness 
as such, and that it is not associated with a special type of 
disease. In no case has a cause-effect relationship between 
increased PA-inhibitor levels and a certain disease been 
convincingly demonstrated, although at least in the case of 
deep venous thrombosis PA-inhibitory activity might have 
some prognostic value.” 

In normal human blood at least two pools of PA-inhibitory 
activity are present.” One pool is the (platelet-poor) plasma 
pool that shows a very rapid turnover and for which the 
normal values show a very large interindividual variation 
ranging from 0.0 to 1.3 nmol/L. The other pool ts the platelet 
PA-inhibitor pool that probably shows a turnover of the 
order of magnitude of the turnover of platelets themselves 
(half-life three to four days) and for which the normal values 
show a much smaller ranger (mean: 6.7 x 10°" mole/ 
platelet; SD = 3.0 x 107'*).” It can be calculated that in a 
given volume of blood the PA-inhibitory activity in the 
platelets is about four times higher than in the plasma.” The 
platelet PA-inhibitory activity is probably present in the 
a-granules?'” and is indistinguishable from PAI-I in endo- 
thelial cells.” 

During coagulation, the PA-inhibitor derived from plate- 
lets may play a very important role in protecting the blood 
clot against premature lysis. The high concentration of 
activated platelets in a blood clot may yield a local PA- 
inhibitor concentration that is several orders of magnitude 
higher than the value in plasma and would prevent too- 
sudden lysis. Instability of the PA-inhibitor at 37 °C (in vitro 
half-life about two hours) and inactivation by activated 
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protein C and thrombin may result in a gradual disappear- 
ance of the inhibitor from the clot. Subsequent diffusion of 
PA into the clot may result in clot lysis. Plasma PA- 
inhibitory activity might serve in systemic PA-activity con- 
trol, preventing the unwanted action of PA under resting 
conditions.. 

The role PA-inhibitors play in thrombolytic therapy with 
PA remains to be established. A simple calculation shows 
that in order to maintain a steady-state concentration of 
PA-inhibiter of 1.0 nmol/L with a hypothetical half-life of 
ten minutes in man, a rate of synthesis of 0.45 mg/hr is 
required. This is far less than the amount of t-PA (up to 60 
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mg/hr) that is administered by intravenous injection as 
thrombolytic therapy to patients with myocardial infarc- 
tion.” This amount of PA-inhibitor as such is probably not 
a major factor in the success of thrombolytic therapy. On the 
other hand, since data on PA-inhibstors during thrombolytic 
therapy are presently lacking, conclusions cannot be drawn. 
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Successful Graft-Versus-Host Disease Prevention Without Graft Failure in 32 
HLA-Identical Allogeneic Bone Marrow Transplantations With 
Marrow Depleted of T Cells by Monoclonal Antibodies and Complement 


By P. Herve, J.Y. Cahn, M. Flesch, E. Plouvier, E. Racadot, A. Noir, Y. Couteret, G. Goldstein, 
A. Bernard, R. Lenys, J.L. Bresson, R. Leconte des Floris, and A. Peters 


Thirty-two patients with acute leukemia, chronic granulo- 
cytic leukemia, or multiple myeloma received a T tympho- 
cyte-depieted HiLA-identical marrow. After being treated 
with pan-T monoclonal antibodies (MoAbs) and one round 
of baby rabbit complement, the mean percentage of T cell 
depletion was 94% + 4%. The number of residual viable T 
cell infused to the patient was 0.99 + 0.65 x 10° per kg 
body weight. The patients were conditioned with fraction- 
ated total body irradiation (TBI) (12 Gy) preceding high 
doses of cyclophosphamide (120 mg/kg). Methotrexate 
was used as an additional immunosuppressant in the first 
ten patients. For the following 22 patients no posttrans- 
plant immunoprophylaxis was administered. Eight patients 
died within three months due to complications related to 


CUTE GRAFT-F-HOST DISEASE (GVHD) remains 
a major cause of morbidity and mortality in allogeneic 
bone marrow transplantation (BMT). Complex relationships 
that are not always well understood exist between GVHD 
and infectious complications posttransplant. Despite post- 
transplant immunosuppression, approximately 40% to 60% 
of patients who receive HLA-matched allogeneic marrow 
grafts develop acute GVHD. Among 1,106 patients analysed 
as part of the European Bone Marrow Transplant Group 
(EBMT), the acute GVHD grading distribution was as 
follows: mild in 23%, moderate in 20%, severe in 21%, and no 
GVHD in 36%. Chronic GVHD was observed in 24% of the 
patients (it was extensive in one third of these cases).' 
Murine studies have demonstrated that the removal of T 
cells from donor marrow can effectively prevent acute 
GVHD? In man, OKT3 has not significantly reduced the 
incidence of acute GVHD in the first attempt to use opsoni- 
zation of the T lymphocytes from the graft with monoclonal 
antibodies (MoAbs).*" 
it has been generally considered that a near complete 
depletion of T cells from the marrow graft was necessary to 
decrease effectively the incidence of acute GVHD. Thus a 
large number of different methods have been reported with 
the aim of removing 99% of T cells from the marrow.” 
Among these methods, the use of murine MoAbs specific for 
T lymphocyte antigens followed by complement-mediated 
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transplantation. Engraftment was achieved in all evaluable 
patients, and no patient has a late graft failure. The proof 
of total chimerism was established in 24 patients. Twenty- 
four of 27 evaluable patients (88%) did not have an acute 
graft-v-host disease (GVHD) greater than grade O to 1. 
Two patients had a grade 2 {skin only), and one patient had 
a grade 4 acute GVHD (the latter had only 80% of T cell 
depletion). A medullary relapse occured in 11 patients 
(nine of them had previously been defined as “high risk 
leukemia’). Our data suggest that it may not be necessary 
to deplete nearly all T ceils to prevent acute GVHD in 
recipients of HL A-identical marrow. 

© 1987 by Grune & Stratton, Inc. 


cytolysis is well adapted to clinical use. As a general rule, 
transplants following cyclophosphamide and total body irra- 
diation (TBI) are not rejected from HLA-matched siblings, 
whereas the same is not true after an in vitro depletion of T 
cells prior to a bone marrow transplantation. According to 
several papers that have been published recently,”'? an 
unusual percentage of graft failures occurs in recipients of a 
T cell-depleted marrow graft. 

The results of an open pilot study on 32 patients trans- 
planted with a HLA-identical bone marrow in vitro treated 
with pan-T MoAbs and one round of baby rabbit comple- 
ment are reported here. Ten patients, included in a previ- 
ously reported pilot study,” were treated with methotrexate 
plus T cell depletion. Acute GVHD was prevented by T cell 
depletion alone in 22 patients. Our aims were to evaluate the 
efficacy of incomplete T cell depletion as a method of 
preventing acute and chronic GVHD and evaluating the 
reconstituting ability of the T cell-depleted marrow. Our T 
cell depletion protocol was sufficient in preventing GVHD in 
most cases, and an engraftment occurred in all the study 
patients. 


MATERIALS AND METHODS 


Monoclonal antibodies and complement. According to their 
availability, we used different pan-T MoAbs with the intention of 
evaluating, in a nonrandomized study, two pan-T antibody combina- 
tions of different origins (both include a CD2 antibody). The first 
cocktail (OKT-pool) consisted of two murine pan-T antibodies 
OKTI} (CD2) and OKT3 (CD2) from Ortho (Raritan, NJ). Both 
MoAbs used were of [gG2 class and they were reactive with almost 
all mature T lymphocytes.” The second cocktail (CD-pool} was 
composed of two IgG2 class (CD5/A50 and CD7/121) and one [gM 
class (CD2/D66} MoAbs (A. Bernard, Institut Gustave Roussy, 
Villejuif, France). ? Neonatal rabbit complement (23 to 28 days) 
was prepared in our Institution (Immunological Department, Blood 
Transfusion Center, Besancon, France). The characteristics of the 
rabbit complement are detailed in Table 1. 

Detection of residual T celis. Identification of the T cells coated 
by pan-T MoAbs was performed with indirect immuncfluorescence; 
cells were counted either by microscope or flow cytometry. Cell 
viability was evaluated with trypan blue or ethidium bromide." 
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Table 1. Sources and Characteristics of Pan-T MoAbs and 
Complement Used in This Study 





MoAbs 
First combination (Ortho) 
CD3/OKT3 (igG2a) = 0.2 ug to 1 ug/1 x 10’ NC 
CD2/OKT11 {igG2) = 0.7 ug to 1 ug/1 x 107 NC 
Second combination (A. Bernard") 
CD2/D66 (igGM) 
CD5/A59 (igG2a) | 10 ug/L/ 10" NC 
CD7/i2 1 (igG2b) 
Rabbit Complement 
White baby rabbits (23 to 28 days) 
Anti-A anti-B heterohemagglutinins negative 
Hematopoietic stem cell recovery (= 70%) 
Hemolytic activity (CH50 = 29.6 units + 6.9) 
Calcium ‘evel = 3.06 + 0.156 mmol/L 
T cell lysis (standardized conditions with pan-T MoAbs) 
Limulus test negative 
Bacteriologic and virologic controls negative 


Measurements indicate mean + 1 SD. 


Approximately 200 to 500 cells were examined and counted under a 
Leitz fluorescent microscope. 

Bone marrow processing and ex vivo treatment. Bone marrow 
_ was aspirated from the iliac crests and from the sternum (2 mL per 
aspirate to avoid peripheral blood contamination). Our protocol has 
been previously reported’''® and is summarized in Fig 1. This 
procedure takes approximately six hours and 30 minutes to com- 
plete. 

Patients’ characteristics. A total of 32 patients (18 males, 14 
females: 19 adults, 13 children) were included in our open pilot 
study. The median age was 20 years (ranging from 2 to 40 years). 
Ten previously reported patients"! are included in this group. 

The diagnoses were: nine acute myelogenous leukemia (AML), 16 
acute lymphocytic leukemia (ALL), five chronic granulocytic leuke- 
mia (CGL), and two multiple myeloma. Table 2 indicates the 
patients’ status at the time of the BMT. All the patients were 
HLA-A, B, DR identical with their sibling donors. Mixed lympho- 
cyte cultures were bidirectionally negative for all of them. There 
were seven major blood group incompatibilities. High risk of acute 
GVHD was expected in ten patients over 30 years of age, in two 
patients with CGL in acute or accelerated phase, and in four patients 
with acute leukemia in relapse or subsequent remission. Ten patients 
exhibited all the criteria of malignant disease with high risk, ie, 
major chromosome abnormalities in six patients, high WBC count 
(=50 x 10°/L) in nine patients, first relapse on therapy in the course 
of an acute lymphoblastic leukemia (fast disease) in eight patients, 
and subsequent remission or relapse in four patients. The patients 


B. M. HARVESTING 
{4.32 NC x 108; KG £191) 


MARROW MONONUCLEAR CELLS 
(Adjusted at 2.93 x 197 /ML +0,50) 


PanT -MoAbs - 38 MIN/4°C} 
(% of T-CELLS : 30.2% + 10.5) 


RABBIT COMPLEMENT (1:1)-60 MIN/25* C 
(T-CELL REMOVAL : 93,7%+4.08) 


| Fig 1. 
WASHING {x 2) 


Bone marrow pro- 
cessing and ex-vivo treatment 
protocol. Measurements indi- 
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were conditioned by fractionated TBI (2 Gy for six fractions for a 
total dose of 12 Gy) preceding high dose of cyclophosphamide (60 
mg per kg body weight x 2). Irradiation was delivered through a 
linear accelerator with an exposure rate of 5 to 6 cGy per minute. 
Protocol and consent forms were approved by the institutional review 
board of the University of Besancon. 

Five ALL patients and one AML. patient received reinforced 
chemotherapy in the pre-transplant regimen, according to their high 
risk of relapse (cytosine arabinoside 100 mg/m’ for five days and/or 
etoposide 100 mg/m’ per day for three days). In two patients high 
dose melphalan (180 mg/m’) was used as a substitute for cyclophos- 
phamide. One multiple myeloma patient was given high-dose mel- 
phalan (140 mg/m’) combined with cyclophosphamide preceded by 
a fractionated TBI. 

All but three patients were nursed in closed plastic tent isolators 
(Isroom, La Calhéne, France) with a total nonselective gut decon- 
tamination using non absorbable antibiotics. All the patients were 
given low-dose heparin (1 mg/kg/d) for prophylaxis of veno- 
occlusive disease of the liver.” 

During the initial feasibility study, posttransplant immunosup- 
pression with methotrexate was maintained until day 100 in four 
patients and stopped at day 11 post-BMT in six patients (group 1). 
In 22 patients, no posttransplant immunoprophylaxis was adminis- 
tered (group 2). No maintenance chemotherapy was given following 
BMT. The median duration of isolation from BMT was 30 days 
(ranging from 17 to 49 days). Eighteen patients received bone 
marrow treated with the first MoAb combination (OK T-pool) and 
14 with the second (CD-pool), The day of engraftment was defined 
as the third consecutive day on which the WBC count was > 1.0 x 
10°/L. Acute GVHD is defined as beginning <90 days after 
transplant. Severity was defined according to the Seattle criteria. ® 
Genetic markers were available to prove engraftment in 25 patients 
(sex chromosomes in 12 patients and red blood cell phenotype 
disparities in 13 patients). No marker was available in seven 
patients, Chromosome studies were performed by direct processing 
of the unstimulated bone marrow specimens. An average of 16 
mitoses (3 to 110) were analyzed in detail at three, six, and 12 
months post-BMT. 

Cellular immune function. Immune status was evaluated 
through surface cell markers by using a panel of seven specific T and 
B cell MoAbs, lymphocyte proliferative responses to mitogens 
(PHA, con A) and allogeneic cells (mixed lymphocyte culture). The 
periods tested were pretransplant and one, three, six. and 12 months 
posttransplant. 


RESULTS 


Marrow transplants for the study patients were performed 
between January 1983 and August 1985. 

Early mortality. Of the 32 patients who underwent 
BMT, eight (five of whom were children) died within three 
months (mean 35.6 days) due to transplantation-related 
complications (six had ALL, two had AML). Early toxicity 
was significantly higher in the patients who had received 
additional chemotherapy in the preparative regimen (5/8). 
The causes of death were one fungal septicemia, three 
interstitial pneumonitis, one acute pancreatitis, one toxoplas- 
mosis, one pseudomonas infection that localized in the neck, 
and one cardiac and renal failure. The patients who died 
within 2] days and 40 days post-BMT were not evaluable for 
engraftment of acute GVHD prevention. Thus 28 patients 
were evaluated for engraftment and 27 for acute GVHD 
prevention. 


T cell depletion. Processing of the bone marrow led to 
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Table 2. Clinical Status, Engraftment Data and Outcome of 32 Patients Undercoing T Cell-Depleted Sone Marrow Transplantation 


29/M CGL (BT) HR 


GVHD 
Prognostic Prophylaxis 
UPN = Age/sex Diagnosis Factor Post-BMT Engraftment 
1 MTX (long) YES 
2 21/F AML.2 (CR2) HR MTX (long) YES 
3 37/M  CGL (AP) HR MTX (long) YES 
4 10/M AML2 (CR2) HR MTX (long) YES 
5 13/M  ALL1 (CR3) HR MTX (short) YES 
6 4/F ALL 1 (CR2) HR MTX (short) YES 
7 40/F CGL (AP) HR MTX (short) YES 
8 35/F MULT MYELOMA HR MTX (short) YES 
9 5/F ALL 1 (2nd rel) HR MTX (short) YES 
10 17/M  ALL1 (CR1) SR MTX (short) YES 
11 29/M AML5 (CR1) HR NO YES 
12 12/F  ALL-T (2nd rel) HR NO YES 
13 38/M ALL-T (CR2) HR NO NE 
14 28/F  AML2 (PR) HR NO YES 
15 32/M CGL (CP 1) SR NO YES 
16 2/M  ALL2 (CR2} HR NO NE 
17 2/M  ALL1 {CR2) HR NO YES 
18 9/M ALL2 (CR2) HR NO NE 
19 32/F AML.1 {CR 1) SR NO YES 
20 20/M ALL 1 (CR2) HR NO YES 
21 6/M AMLS5 (CR2) HR NO YES 
22 39/F AML3 (CR 1) SR NO YES 
23 30/M AML2 (CR1) SR NO YES 
24 8/F ALL 1 (CR2) HR NO YES 
25 15/F ALL2 (CR2) HR NO YES 
26 18/M T-ALL (CR1) SR NO YES 
27 5/M AML2 (CR1) SR NO YES 
28 38/F CGL (CP 1) SR NO YES 
29 6/F ALL1 (CR2) HR NO NE 
30 23/M  ALL2 (CR1)Ph1* HR NO YES 
31 18/F ALL2 (CR1) SR NO YES 
32 30/F MULT MYELOMA HR NO YES 


Red 

Cell 
Chromoseme Antigens GVHD Survival 
Analys s {9%} Acute Chronic (Days) 

4j4 Phi C NA O O 150 (relapse) 

NA 100 0 0 $00 + 

4/4Ph1C NA 0 1 B60 + (2nd PC) 

NA 100 O 0 170 {relapse} 

NA 100 0 0 810+ 

6/6* NA 0 0 210 (relapse) 

3/3 Phi © 100 O 1 630 + (2nd PC) 

NA NA 0 NE 105 (relapse) 

6/6* NA 0 330 (relapse) 

4/10* NA 0 0 660 + (CR2) 

NE NE NE 19 (cardiac and renal 
failure, pneumo- 
nia) 

NE NE 0 NE 43 {interstitial pneu- 

monitis} 

NE NE NE 27 (interstitial pneu- 
monitis} 

NA 100 0 0 480 {relapse} 

12/12* Phi © NA 1 O 450+ 

NE NE NE 11 (fungal septicemia) 

3/10* NA 0 0 105 (relapse) 

NE NE NE 20 (acute pancreatitis) 

3/3* 100 1 G 240 (relapse) 

NA NA 0 0 270 (relapse) 

NA 100 0 0 90 [interstitial pneu- 

monitis} 

28/28 (1qh” :neg) 100 0 6 310+ 

NA NA (6) (9) 276 (relapse) 

110/110* 100 0 0 270+ 

NA 100 0 0 246 + 

12/12* 100 4 3 150 (GVHD) 

NA NA 0 0 215+ 

9/9 Phi © 100 2 1 180+ 

NE NE NE 8 (pseudomonas in- 
fection) 

NE NA 0 0 210 {relapse} 

12/12* 100 1 NE 60 (toxoplasmosis) 

NA NA 2 1 140 (relapse) 


ce ae ec ea ae a ee fa ea Na er aaa ai ep rl ke ee 
Abbreviations: UPN, Unique patient number; HR, High risk; SR, standard risk; NA, Not available; NE, Not evaluable; CR, complete remission; CP, 


Chronic phase; AP, Accelerated phase; BT, Blastic transformation. 
“Number of donor cells/number of evaluated cells by X/Y analysis. 


the separation of marrow mononuclear cells on Ficoll- 
Hypaque (Pharmacia, Uppsala, Sweden), which was well 
adapted to a complement-mediated cytolysis. The harvested 
donor marrow volume was 470 mL + 118 and contained a 
mean of 4.3 + 1.9 x 10° nucleated cells per kilogram 
recipient weight. These data demonstrate that it is not 
necessary to aspirate a large volume of bone marrow to 
harvest sufficient nucleated cells to ensure engraftment. The 
small volume of collected marrow avoided a peroperative 
blood transfusion. A density gradient separation of the 
marrow resulted in a 79% + 16% recovery of committed 
myeloid progenitors. Treatment with pan-T MoAbs and 
complement resulted in 1 to 1.5 log of T cell depletion from 
30 study marrows out of 32. 

The mean T cell depletion was 94% + 4%. T cells 


harvested with the transplant were 74 + 36 x 10’. One round 
of complement lysis produced an incomplete T cell depletion. 
A total of 4.7 + 3 x 10’ residual viable T cells remained in 
the inoculum, and the number of viable T cells infused to the 
patient were 0.99 + 0.65 x 10° per kilogram of the recipient’s 
weight. Although the use of OKT-MoAbs led to a smaller 
cell clumping than the CD2, -5, and -7 pool, we did not 
observe a significant difference between the two MoAb 
combinations in terms of T cell depletion efficacy. The T cell 
removal with the OKT-pool and the CD-pool was 93% + 6% 
and 95% + 3% respectively. Committed stem cell assays done 
before and after complement incubation indicated a 66% + 
21% CFU-GM recovery. These data are summarized in 
Table 3. in most patients the main side effects of the treated 
marrow infusion were chills and fever. 
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Tabie 3. T Cell Counts Before and After Ex-vivo Treatment in 
HLA-Matched Situation 


= 73.7% + 36.1% 





o m. 


N* T cells in the transplant x 10’ 


N* residual viable T cells x 10’ = 4.71% + 3.27% 
% of T cell depletion = 93.7% + 4.08% 
tst MoAb association (OK T-pool) = 93.17% + 5.81% 
2nd MoAb assaciation (CD-pool) = 94.85% + 2.61% 
T cell infused to the patient x 10°/kg = 0.99% + 0.65% 


CFU-GM recovery post-T cell removal = 69.2% + 17.2% 





Measurements indicate mean + 1 SD. 
*N = 32 


Engraftment. Engraftment was achieved in all the study 
patients who received a T cell-depleted transplant. At the 
time of this analysis (October 15, 1985), no patients had an 
early (no engraftment within 30 days post-BMT) or a late 
(graft rejection beyond 90 days post-BMT) graft failure. 

The time of recovery to 1 x 10°/L white blood cells was 14 
to 28 days (mean 18.9 + 4.7). For 65% of the patients the 
recovery time was under 20 days. Thirteen to 4] days were 
needed to recover 0.5 x 10°/L granulocytes (mean 
20.5 + 6.4), The time required was under 20 days for 54% of 
the patients. The time to recover 50 x 10°/L platelets was 16 
to 65 days (mean 29.2 + 12.5). The time required was under 
30 days for 56% of the patients. 

Proof of total chimerism was established in 20 patients by 
utilizing either genetic markers, eg, sex chromosomes in 11 
patients or RBC antigen disparities in 13. Mixed chimerism 
was documented in two ALL patients grafted in first and 
second complete remission (CR). One patient relapsed 16 
months after BMT; following this he achieved a second 
remission resulting from the German ALL-BFM-82 chemo- 
therapy protocol. 

Acute and chronic GVHD. Twenty-four of the 27 evalu- 
able patients (88%) did not have an acute GVHD higher 
than grade 0 to 1. No acute GVHD occurred in the first 
group of ten patients. In group 2, two patients had grade 2 
(skin only) confirmed by skin biopsy. Both responded 
promptly to 2 mg/kg/d of prednisone. A third patient 
developed a grade 4 GVHD. This patient received more 
viable T cells than the other patients because of unforeseen 
technical problems during the in vitro treatment. He was 
treated with two cycles of bolus intravenous (IV. high-dose 
methylprednisolone and rabbit antithymocyte. 
Three months later evidence of extensive chr 
developed in this patient, and he died four months posttrans- 
plant. 

No other patient developed extensive chronic GVHD. 
Nevertheless, limited chronic GVHD occurred in four 
patients (Sicca syndrome in two patients, focal skin lesions in 
two others). These manifestations promptly disappeared 
after low-dose prednisolone. In 19 study patients the follow- 
up was longer than six months. 

Chronic GVHD and infectious complications. It is well 
known that infectious complications that occur after the first 
three months are seen primarily in patients with a chronic 
GVHD.” A majority of deaths attributed to late infections 
are reported in patients with active chronic GVHD. Seven- 
teen study patients without extensive disease were analyzed 
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to evaluate if the clinically significant late infection rate was 
reduced. Most of them had either none or only one or 2 late 
infections. Twelve infectious episodes were documented in 
the 17 study patients (mean : 0. 7 ranged between 0 and 3). 
Skin and genitourinary tract infections and septicemia were 
the most common types. One impressive example was that of 
our patient with an active chronic GVHD. He suffered six 
severe infectious episodes before death occurred. 

Relapse. At the time of analysis a medullary leukemia 
relapse occurred in 13 patients (out of 24 evaluable patients), 
prior to six months in eight patients and after six months in 
five. Nine of the 13 were previously defined as “high risk 
leukemia.” In this series the longest period between transplant 
and relapse was 364 days. Eleven patients have remained in 
unmaintained continuous CR to date. The mean follow-up is 
that of 13.3 months (ranging from three to 30 months) with 
only three patients below six months. The current status of the 
32 study patients is reported in Table 4. 

Immunologic reconstitution. Recovery of the immune 
function will be reported at length elsewhere (E. Racadot). 
In all engrafted patients there was considerable impairment 
of immunologic status after allogeneic BMT using incom- 
plete T cell-depleted marrow (Fig 2). This severe immune 
deficiency persisted beyond one year posttransplant. These 
immune alterations are equivalent to those reported by 
Zander et al” after allogeneic BMT using untreated mar- 
row. 


DISCUSSION 


The removal of T cells by pan-T MoAbs and complement- 
mediated cytolysis is a simple and effective method available 
in clinical situations. The cytolytic effect of these pan-T 
MoAbs depends closely on the source of complement and on 
the anticomplementary effect of bone marrow cells.” Treat- 
ment with antibodies and complement in vitro can achieve an 
efficient and rapid killing of donor T cells. The extent of the 
removal of T cells can be accurately measured. We did not 
observe any difference between the two MoAb combinations 
used in terms of engraftment kinetics and GVHD prevention. 
The major finding of this study was that a prompt engraft- 
ment was achieved in all the patients who had received 
ex-vivo treated marrow. No early or late graft failure 
occurred in 17 patients beyond six months after BMT. Our 
results differ from the clinickl data that have been published 
recently.” Martin et al reported 20 patients grafted with 
marrow treated with a mixture of eight MoAbs and rabbit 


Table 4. Current Status of the BMT Program With a T 
Celi-Depleted inoculum 


Mamina iiir inhotaan na ay nen eean ann BMA AME 


Number of patients = 32 

BMT related death (<3 months} = 8 (25%) 

Number of take = 28/28 EP 

Late graft failure = 0 

Acute GVHD = grade 2 = 3/27 EP (11.1%) 
Chronic GVHD = 1/19 EP (6.2%) 
Relapse = 13/24 EP (64.1%) 
Number of living patients = 11/24 (45.8%) 


(disease free) 


SE mA NN AEE EAN EN LRA ETE MEN DA ER OM i 


EP = Evaluable patient. 
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Fig 2. Summary of immune profile in patients grafted with T 
cell-depleted marrow six months after BMT. 


complement that led to a 2- to 3-log depletion of T cells. 
Eight cases of graft failure occurred, seven of them being 
among the | 1 patients prepared for transplantation with 12.0 
Gy of TBI, and only one out of the nine patients was prepared 
with 15.75 Gy.’ 

As part of a European cooperative study on T cell deple- 
tion with Campath-l MoAb (IgM, which fixes human 
complement and binds both T and B lymphocytes), the 
incidence of graft failure was high while varying from one 
team to another (10% to 20%).” In a prospective randomized 
controlled trial, clinical data from the UCLA Center showed 
that five of 20 patients in the CT2/CD2-treated marrow 
group failed to engraft (none were in the control group).” 
The association of graft failure with a near complete removal 
of T cells from the donor marrow suggests that T cells in the 
marrow graft may eliminate host effector cells that survive 
the conditioning regimen. 

Our clinical results on engraftment strongly suggest that 
our own conditioning regimen protocol may play a major 
part in the patient’s immunologic status. Engraftment 
depends closely on the magnitude of the residual host-v-graft 
reactivity caused by residual host T cells, which might react 
against donor antigens exhibited on donor hematopoietic 
stem cells.” Some recent data suggest that increased immu- 
nosuppression can overcome the risk of graft failure.’ 

An experimental model is under study in our laboratory in 
an attempt to demonstrate the influence on the immunologic 
status of the host at the time of BMT in relation to radiation 
exposure of the recipient. We would like to emphasize that 
the patients who received fractionated TBI a week before 
grafting tolerated the preparative regimen far better. 

Evidence shows that acute GVHD can be effectively 
prevented by a depletion of T cells from the bone marrow. 
Our own results are in agreement with the recently published 
results of the Royal Free Hospital,” the Fred Hutchinson 
Center,’ the University of Wisconsin,” and the Hammer- 
smith Hospital. The difference lies at the T cell removal 
level. A =99% T cell depletion is reported in most publica- 
tions, whereas in our experience a mean of 94% T cell 
depletion has been observed. It could be suggested that a 
near-to-complete removal does not appear necessary to pre- 
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vent severe forms of acute GVHD. Nevertheless, we have to 
interpret our results with caution given the relatively small 
group of evaluable patients m group 2. 

The outlook is even more promising insofar as chronic 
GVHD is concerned. Extensive chronic GVHD occurred in 
only one of the 22 study patients followed beyond three 
months. It is obvious that the late infection rate decreased 
significantly. To date, we can assume that, independently of 
its source, a pan-T MoAb cocktail is highly effective in 
preventing severe forms of acute and chronic GVHD, even in 
the absence of posttransplant immunoprophylaxis. Other 
MoAbs in combination with the pan-T MoAb can be used for 
a T cell depletion, such as antibodies that recognize the CD4 
and CD8 T cell molecules. 

The suppression of severe forms (grade 3 to 4) of acute 
GVHD and of extensive forms of chronic GVHD should 
improve the patient's survival rate in the first year posttrans- 
plant, although this fact has not been demonstrated in the 
present study. Nevertheless, we have to point out that the 
quality of life is excellent given the low frequency of late 
infections; the Karnovsky score has always been higher than 
90%. We must not, however, overlook the fact that a 
graft-v-leukemia effect has been closely asscciated with 
acute and especially chronic GVHD. Such close correlations 
were Clearly shown when the allograft was done in the course 
of second remission or later.” One may therefore expect to 
find that an improvement in the survival rate is associated 
with an increase in the relapse rate. However, the clinical 
series reported by Prentice et al° on a homogeneous group of 
acute leukemia patients who had undergone a BMT in CRI 
did not show that the relapse rate had increased. Neverthe- 
less, we may wonder if a total GVHD prevention in high-risk 
leukemia is reasonable when the BMT is done in CR2 and 
subsequent remission. It is hoped that some light will be shed 
on this question once the randomized clinical trials in 
progress are completed. 

In conclusion, the results of this open pilot study lead us to 
assume that it has been possible to prevent GVHD success- 
fully through a T cell depletion alone and to obtain engraft- 
ment in all the study patients who did not have a late graft 
failure. Although an evaluation is premature at this stage, 
the relapse rate appeared to be relatively high in our series. 
Perhaps there is a close connection with the high percentage 
of study patients defined as “high risk leukemic.” 


NOTE ADDED IN PROOF 


The authors report two graft rejections and one graft failure in a 
new series of 14 T-depleted matched BMT since the time of the 
analysis reported above. 
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Chlorpropamide-Induced Pure White Cell Aplasia 


By Lee J. Levitt 


We investigated the mechanism for isolated agranulocyto- 
sis and marrow pure white cell aplasia in an elderly man 
receiving 0.5 to 1.0 g per day of chlorpropamide (Chi) 
without other toxic drug exposure or overt systemic 
iliness. Patient marrow revealed an absence of recogniz- 
able granulocytic precursors; megakaryocytes and ery- 
throid precursors were normal. The WBC count was 1800/ 
mm? on admission with only 2% neutrophils; the absolute 
neutrophil count first exceeded 500/ mm? on the 17th day 
following cessation of Chi. A serum Chi level on admission 


serum (convalescent phase, CP) assessed on the 22nd 
hospital day. Antineutrophil antibodies were not detected. 
and T cell depletion failed to augment patient in vitro 
granulopoiesis. Patient AP serum produced potent comple- 
ment-mediated inhibition (87% + 7%) of autologous granu- 
locyte progenitors (CFU-GM) with minimal inhibition of 


MMUNE-MEDIATED drug-dependent destruction of 
mature neutrophils has been well documented as a cause 
of agranulocytosis.’” Development of techniques for the in 
vitro clonogenic assay of hematopoietic progenitors has also 
permitted investigation of clinical syndromes associated with 
immunologic injury to human stem cells.** Drug-induced 
inhibition of human myeloid progenitor growth has been 
reported in patients with drug-associated neutropenia,’ and 
spontaneously arising (non-drug-associated) antibodies di- 
rected against granulocyte-macrophage progenitor cells have 
also recently been described." The mechanism of drug- 
dependent suppression of granulopoiesis, however, has not 
always been clearly elucidated, and the cellular and anti- 
genic specificity of antibodies mediating myeloid stem cell 
injury have not been well characterized. Failure to demon- 
strate serum inhibitory activity against autologous granulo- 
cyte progenitors in many of these reports also raises questions 
about the possible alloimmune nature of the antibodies and 
the pathogenic roles of these inhibitors in the development of 
neutropenia. 
We have previously reported the occurrence of sponta- 
neously arising selective autoantibody-mediated immune 
inhibition of granulopoiesis in a patient with agranulocytosis 
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erythroid (11% = 5%) or multipotent (5% + 4%) progeni- 
tor ceils. Selective inhibition by patient AP serum of 
CFU-GM (74% + 11%) was also seen against two allo- 
geneic marrows. Patient CP serum no longer inhibited 
(6% + 4%) autologous CFU-GM. Addition of Chi (5 to 120 
ug/ml) to CP serum but not to control serum resulted in 
potent drug concentration-dependent complement-me- 
diated inhibition of autologous and allogeneic CFU-GM. 
inhibition of CFU-GM in the presence of Chl was no longer 
demonstrable following immunoabsorbent removal of IgG 
from patient serum. Patient serurn in the presence of Chi 
had limited activity against morphologically recognizable 
marrow granulocytic precursors in a microimmunofluo- 
rescence assay. These results are most consistent with the 
development of Chi-dependent, selective antibody- 
mediated immune inhibition of granulopoiesis. 

© 1987 by Grune & Stratton, inc. 


and profound marrow granulocytic hypoplasia (primary pure 
white cell aplasia).* In this report we investigated the mecha- 
nism for acquired neutropenia and marrow pure white cell 
aplasia in an elderly man receiving high doses of chlor- 
propamide (Chl) with no other history of toxic drug exposure 
or overt systemic illness. 


CASE REPORT 


An 81-year-old man was admitted to the hospital in May 1985 for 
fever and severe neutropenia. A routine hemogram performed in 
March 1985 had demonstrated a rormal WBC count. The patient 
was subsequently admitted to Stanford Hospital with fever, otalgia, 
and neutropenia. He had a prior history of adult onset (Type H) 
diabetes mellitus treated with dietary restriction and for the last 
three months had taken 500 to 1,000mg PO daily of Chi. The patient 
was also taking occasional acetaminophen and oxycodone, and there 
was no family history of blood dyscrasias. On physical examination 
he was febrile with a left otitis externa. Phimosis and balanitis were 
present. The nodes, spleen, and liver were not palpable, and the 
remainder of the examination was unremarkable. Routine serum 
chemistries were normal except for a creatinine of 2.7mg/dL. The 
hematocrit was 35%, the platelets were 486,000/uL,. and the WBC 
count was 1,800/uL with 2% neutrophils, 93% lymphocytes, 3% 
monocytes, and 2% eosinophils. Direct and indirect (with and 
without 100ug/mL Chl) Coombs’ tests were negative. The reticulo- 
cyte count was 1.0%. A bone marrow aspirate and biopsy revealed a 
mild decrease in overall cellularity (35%). There was virtually a 
complete absence of granulocytes and all morphologically recogniz- 
able myeloid precursors. Erythroid maturation was normal, and 
megakaryocytes appeared increased in number. No evidence for a 
thymoma was detected on chest roentgenograms. The patient had a 
normal serum B, and folate level and an unremarkable serum 
immunoelectrophoresis. A serum Chi level obtained on the second 
hospital day was |00uzg/mL (average plasma Chl concentrations 
following ingestion of 250 mg; range from 19-114 pg/mL, with the 
variation most dependent upon differences in drug half-life and 
variations in the volume of distribution). Chlorpropamide was not 
detectable when the level was again assessed on the 22nd hospital 
day. The patient was begun on tobramycin and cefoperazone, and his 
Chi was discontinued. His fever gradually defervesed over the 
ensuing seven days with a gradual improvement in his balanitis and 
otitis. The patient’s absolute neutrophil count slowly increased and 
first exceeded SOOuL on the 17th hospital day. A repeat bone 
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marrow aspirate performed on the 25th hospital day demonstrated 
reconstitution of marrow myeloid precursors with normal matura- 
tion and a myeloid:erythroid (M:E) ratio of approximately 2:1. 


METHODS 


Assay systems for hematopoietic progenitors. Two to four 
milliliters of marrow aspirate from normal adult bone donors were 
drawn into heparinized syringes, layered over Ficoll-Hypaque 
(Pharmacia, Piscataway, NJ) gradients, and interface mononuclear 
cells collected. All donors gave fully informed consent prior to 
marrow aspiration, and all studies were approved by the Stanford 
University Human Experimentation Committee. Marrow mononu- 
clear cells (5 to 15 x 10*/mL) were cultured in the presence or 
absence of 0.5 IU of purified human urinary erythropoietin (1,140 
U/mg of protein, National Institutes of Health) in triplicate 0.25- 
mL. aliquots in methylcellulose microwell cultures containing 1% 
Mo-conditioned medium (MoCM, a medium conditioned by a T 
lymphoblast cell iine containing both myeloid colony-stimulating 
activity and erythroid burst-promoting activity”'®). Committed ery- 
throid progenitors (burst-forming units-erythroid [BFU-E]) and 
granulocyte-macrophage progenitors (colony-forming units-granu- 
locyte-macrophage [CFU-GM]), as well as multipotent hemato- 
poietic stem cells (colony-forming untts giving rise to mixed colonies 
containing granulocytic, erythroid, macrophage, and megakaryo- 
cytic ceils [CFU-GEMM]) were enumerated by in situ observation 
after 10 to 14 days of incubation at 37 °C as previously described.*"! 
Marrow CFU-GM were also independently assessed in cultures 
containing 15% human placental conditioned medium, in place of 
MoCM, as a source of myeloid colony-stimulating activity."* In some 
experiments marrow cells were further fractionated by double- 
adherence monocyte depletion (less than 2% residual monocytes) 
and/or solid-phase tmmunoabsorption with pan-T Leu-1 monoclonal 
antibody to deplete T lymphocytes (less than 1% to 2% residual 
marrow T cells) as previously described." 

Cytotoxicity and immunoabsorption studies. Antibody and 
drug-dependent complement-mediated cytotoxicity against human 
hematopoietic progenitors was assessed as previously described." 
Suspensions of 2 x 10° nonadherent buoyant marrow cells per 
milliliter were prepared in Iscove’s modified Dulbecco’s medium. 
Test serums (patients acute [day 2] and recovery [day 25] serum or 
contro! AB serum) were preincubated with saline or diluent controls 
or varying concentrations of Chl (8 to 120ug/mL final concentra- 
tion) for 30 minutes at 37 °C. Chlorpropamide (Diabinese, Pfizer 
Pharmaceuticals, New York) was dissolved in either 100% ethanol 
or in 0.15 mol/L sodium hydroxide with heating and subsequent 
neutralization with 0.15 mol/L hydrochloric acid; appropriate 
diluent controls were used in all experiments. One quarter milliliter 
of the drug-serum mixture was incubated with an equal volume of 
the marrow cell suspension with or without tested rabbit complement 
(Pel-Freeze Biological, Rogers, AR) for 30 to 60 minutes at 37 °C. 
After incubation, marrow cells were washed twice, and aliquots were 
plated in methylcellullose. No decreases in colony formation were 
noted after cell incubation with complement, control human AB 
serum, or drug diluent alone at appropriate final concentrations. In 
some experiments, marrow cells, patient or control serum, drug 
suspension, and fresh rabbit complement were combined and incu- 
bated together at 37 °C for 60 minutes prior to washing and plating. 
In other experiments, drug suspensions were preincubated with 
marrow cells with or without control sera for 30 minutes at 37 °C; 
the cells were then washed twice and incubated with test serums with 
or without a source of fresh complement prior to plating. 

Serum antineutrophil activity was independently assessed by a 
modified granulocyte-microagglutination technique” and by a gran- 
ulocyte cytotoxicity assay'* against a panel of granulocytes from ten 
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normal donors in the presence and in the absence of 20 to 100ug/mL 
chlorpropamide. Patient antineutrophil activity was also assessed by 
a Cowan I staphylococcal slide test; the latter includes both direct 
and indirect tests for detection of cell-bound antibody and allows 
direct visualization of small numbers of autologous granulocytes 
during periods of severe granulycytopenia.”” A fMuorochromatic 
modification of the Terasaki micromethod was used to assay for 
lymphocyte cytotoxicity against a panel of lymphocytes from 19 
normal donors." 

Patient serum activity against morphologically recognizable mar- 
row granulocytic precursors was assessed via an indirect immuno- 
fluorescence technique as previously described: marrow cell pellets 
were treated with test serum with or without varying concentrations 
of Chi (20 to 110u¢/mL final concentration) or with 80H.5 mono- 
clonal antibody (an IgM complement-fixing murine hybridoma 
antibody specifically recognizing an antigen on mature granulocytes 
and on immature marrow myeloid precursor cells). Following 
incubation at 4 °C for 20 minutes, cell suspensions were washed with 
phosphate-buffered saline and were then incubated with either goat 
antihuman fluorescein isothiocyanate (FITC)-labeled anti-IgG anti- 
body or goat antimouse FITC-labeled anti-[gM antibody (Tago, 
Burlingame, CA) prior to examination by phase and fluorescence 
microscopy, 

Absorption of IgG from test serums was performed using protein 
A-sepharose CL-4B affinity chromatography before and after treat- 
ment with either rabbit or goat anti-IgG." Absorbed samples were 
assessed for adequacy of separation by immunoelectrophoresis: 
virtually all IgG in the absorbed serums was removed by the 
immunoabsorbent procedure. Patients serum was also absorbed 
with pooled platelets from 14 random donors to remove possible class 
I (but not class H) anti-HLA alloantibodies as previously 
described.** 


RESULTS 


Patient marrow obtained on the first and third days of 
hospitalization was cultured separately in methylcellulose to 
enumerate marrow multipotential (CFU-GEMM) and com- 
mitted granulocyte-macrophage (CFU-GM) and erythroid 
(BFU-E) progenitor cells. Patient colony yield per 2 x 10° 
buoyant marrow cells included 158 + 26 (mean + SEM) 
BFU-E, 67 + 9 CFU-GM, and 4.0 + 1.8 CFU-GEMM. 
These results are comparable to those obtained from prior 
and/or concurrent culture of ten normal human marrows in 
our laboratory (Table 1). Colony cytologic composition, 
examined after micropipette selection and histochemical 
staining, did not differ between patient and control marrows 
after assessment of individual CFU-GM and CFU-GEMM 
from each experiment. Independent assessment of patient 
CFU-GM, using placental-conditioned medium rather than 
Mo-conditioned medium as a source of myeloid colony- 
stimulating activity, yielded colony numbers comparable to 
those obtained after plating of normal human marrow. No 
increment in patient marrow CFU-GM was seen following 
marrow T cell depletion by immunoabsorption using a pan-T 
Leu-1 monoclonal antibody (data not shown). These data 
together indicate that neither a deficiency of marrow granu- 
locyte-macrophage or multipotent progenitors nor qualita- 
tive changes in patient colony cytologic composition could 
explain the patient’s agranulocytosis and marrow white cell 
aplasia. These results also provide no evidence for autologous 
T cell inhibition of granulopoiesis. 
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Tabie 1. Inhibitory Effect of Patient Acute-Phase Serum on Growth of Autologous Marrow Hematopoietic Progenitors 
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CFU-GM 
Control BM * 55 +8 
Patient BM+ 67 +9 
Patient BM + AB Serum + C+ 63 +7 
Patient BM + Patient Serumt 59 + 81 
Patient BM + Patient Serum + C't 9+4 





Percent 
BFU-E CFU-GEMM CFU-GM inhibition 
145 + 22 $542.0 (4242 wm 
168 + 26 40+ 2.8 me 
143 + 19 3.2 + 2.0 6 
149 + 23 3.04 1.7 er 
147 + 18 3.7 +42.5 87 


*Mean + SEM from ten separate experiments, each plated in duplicate in methyicellulcse cultures. 
{Mean + SEM from two separate experiments, each plated in triplicate in methy!cellulcse cultures. Mo-conditioned medium was used as a source of 
myeloid colony-stimulating activity in both patient and control cultures. Marrow was obtained on two separate occasions during the first five days of 


hospitalization while the patient was stil neutropenic. 


BM, bone marrow; C’. complement; CFU-GM, colony-forming units for granulocytes and macrophages: BFU-E, burst-forming units~erythroid: 
CFU-GEMM, colony-forming units for granulocytes, erythroid cells, macrophages, and megakaryocytes. 


Patient AP serum was next examined for antineutrophil 
activity. Both the direct and the indirect Cowan I staphylo- 
coccal slide tests performed to detect antineutrophil antibod- 
ies were negative. Serum granulocyte cytotoxicity and gran- 
ulocyte agglutinating activity were assessed against a panel 
of ten normal donors. Neither the cytotoxicity nor the 
microagglutination assay detected antineutrophil activity in 
patient serum. The patient's acute and chronic-phase sera 
were cytotoxic for lymphocvtes derived from only three of 19 
normal blood donors. 

We next assessed patient AP serum (obtained on the 
second hospital day} for its effect on autologous marrow 
hematopoietic progenitors. In two separate experiments 
using MoCM as a source of myeloid colony-stimulating 
activity, patient heat-inactivated serum in the presence of 
complement produced potent (mean 87%) inhibition of 
autologous marrow CFU-GM with minimal inhibition of 
either BFU-E or CFU-GEMM (Table 1). Similarly, patient 
AP serum produced potent complement-mediated inhibition 
of autologous marrow CFU-GM when patient granulocyte 
macrophage progenitors were cultured in the presence of 
placental conditioned medium (Fig 1). The further addition 
of as much as 120 ug/mL of Chi to patient AP serum was not 
associated with any further significant decrement in autolo- 
gous marrow CFU-GM. Similar selective inhibition of CFU- 
GM was noted against two separate allogeneic human mar- 
rows after treatment with patient serum plus complement 
(Fig 1). Patient serum did not demonstrate cytotoxicity for 
lymphocytes derived from either of the two allogeneic mar- 
row donors. Minimal inhibition (12% to 19%) of allogeneic 
BFU-E or CFU-GEMM was noted after treatment of mar- 
row with patient serum plus complement. Patient serum in 
the absence of complement had little inhibitory effect on 
allogeneic hematopoietic progenitors. 

The effect of patient acute (day 2, containing 100ug/mL 
Chl) and convalescent (day 25, containing no detectable 
Chl)-phase serum with and without exogenous Chl was next 
assessed on growth of autologous marrow CFU-GM. Patient 
marrow was obtained for this set of experiments upon 
recovery of the WBC count to 6,800 per ukl, four weeks 
following cessation of Chl. Previously frozen patient AP 
serum in the presence of complement again selectively inhib- 
ited autologous marrow CFU-GM (Fig 2). However, patient 
convalescent-phase serum in the presence of complement 


failed to inhibit either autologous or allogeneic marrow 
granulocvte-macrophage progenitors. Patient convalescent- 
phase serum in the presence of Chi (60ug/mL final concen- 
tration) cid inhibit (79% + 21%) autologous CFU-GM (Fig 
2). Inhibition of autologous CFU-GM by patient convales- 
cent-phase serum was seen when the previously prepared 
drug-serum mixture was incubated with marrow plus 
complement. Inhibition was also noted when marrow, serum, 
drug suspension, and complement were incubated together 
simultaneously (88% + 26%}. Autologous CFU-GM inhibi- 
tion was not seen, however, when the drug suspension was 
preincubated with marrow, after which marrow cells were 
washed and then incubated with serum plus complement 
prior to plating (11% + 7%). No inhibition was noted after 
marrow cell incubation with AB serum plus 60u2g/mL Chl 
plus complement (Fig 2). 

Inhibition of patient CFU-GM colony growth by convales- 
cent-phase serum was drug-concentration dependent (Fig 3) 


autTocosous BM 


C] ALLOGENEIC BM 





2 
z 
i 
z 
a 
a 
5 
= 
oS 
CAB PATIENT PATIENT PATIENT 
SERUM SER SERUM SERUM 
r E +! 
+f +8 
Fig1. Effects of patient AP serum {containing 110ug/ mL Chi) 


with or without exogenous Chi (120ug/mL) on growth of autolo- 
gous and allogeneic granulocyte-macrophage (CFU-GM) progeni- 
tor cells. Z’, complement: D, chlorpropamide. Results expressed as 
means + SEM from two to three separate experiments. Patient 
acute-phase serum produced potent, C’-mediated inhibition of 
both autologous and allogeneic marrow CFU-GM. Patient marrow 
was obtained on days one anc three of hospitalization while the 
patient was still neutropenic. 
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Fig 2. Effects of patient AP (containing 110 ug/ml) and 
convalescent-phase (containing no detectable levels of Chi) serum 
with or without exogenous Chl (60 ug/ml final concentration) on 
growth of autologous marrow granuiocyte-macrophage (CFU-GM) 
progenitor ceils. C’, complement; D, chlorpropamide. Results 
expressed as means + SEM from two separate experiments. 
Patient convalescent-phase serum inhibited growth of autologous 
CFU-GM only in the presence of exogenous drug. Marrow was 
obtained from the patient following recovery of neutropenia. 


with demonstrable progenitor inhibition occurring at Chl 
concentrations of 30 to 120 ng/mL (the patient’s AP serum 
Chi level on the second hospital day was 100 ug/mL). 
Patient serum plus Chi in the absence of complement had 
little demonstrable inhibitory activity against autologous 
CFU-GM (Fig 3). Patient convalescent-phase serum plus 
Chl with or without complement had little inhibitory activity 
against autologous BFU-E. 

Absorption studies of patient serum were next performed 
utilizing protein A-sepharose affinity chromatography to 
deplete patient serum of IgG immunoglobulin. As demon- 
strated in Fig 4, inhibition of allogeneic CFU-GM in the 
presence of 100gg/mL Chi could no longer be demonstrated 
following immunoabsorbent removal of IgG from patient 
convalescent-phase serum. Absorption of patient’s serum 
with pooled platelets from 14 random donors to remove 
possible anti- HLA antibody activity did not affect the inhibi- 
tory activity of patient convalescent-phase serum plus Chl 
against allogeneic CFU-GM. 
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Fig 3. Effects of patient convalescent-phase serum plus vary- 
ing amounts of exogenous Chi on growth of autologous marrow 
granulocyte-macrophage (CFU-GM, A) and early erythroid (BFU-E, 
B) hematopoietic progenitor cells. Marrow was obtained following 
recovery of neutropenia. C, complement. Results expressed as 
means + SEM from two separate experi ments. Patient serum plus 
drug produced selective drug concentration-dependent inhibition 
of allogeneic CFU-GM. 
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Fig 4. Effects of Chi (100 ug/ml final concentration) plus 
immunoabsorbed convalescent-phase patient serum on growth of 
allogeneic granulocyte-macrophage (CFU-GM) progenitor cells. C, 
complement; D, chlorpropamide, CFU-GM inhibition was no longer 
demonstrable following protein A immunoabsorbent removal of 
igG from patient serum. Pooled platelet immunoabsorption of 
patient serum to remove possible anti-HLA alloantibodies had no 
effect on CFU-GM inhibition. Results expressed as means + SEM 
from two to three separate experiments. [L], Patient serum: PA, 
patient serum after protein A immunoabsorption; iJ, patient 
serum after pooled platelet immuncabsorption. 


Patient serum was next assessed for activity against mor- 
phologically recognizable marrow myeloid precursors uti- 
lizing an indirect immunofluorescent assay. Results were 
compared with similar assays on the same allogeneic target 
marrow population using an antihuman IgM monocional 
antibody termed 80H.5. This antibody recognizes an antigen 
common to mature granulocytes and immature marrow 
granulocytic cells and was positive by immunofiuorescence 
for 54% + 9% of nonadherent allogeneic marrow mononu- 
clear cells. This percentage corresponded to the number of 
morphologically recognizable granulocytic precursors as 
assessed by Wright-Giemsa staining of marrow target cell 
cytocentrifuged preparations. Patient convalescent-phase 
serum in the presence or absence of 100ug/mL Chi was 
positive for 9% + 3% of allogeneic marrow cells (n = 3). 
These results were not different from those obtained after 
incubation with allogeneic marrow and AB serum with or 
without Chi (11% + 4%). The results suggest that patient 
serum in the presence or absence of Chl had limited immuno- 
fluorescent activity against morphologically recognizable 
allogeneic marrow granulocytic precursors. 


DISCUSSION 


This patient’s severe neutropenia and marrow pure white 
cell aplasia completely resolved following discontinuation of 
Chi and in the absence of immunosuppressive therapy. 
Patient AP serum (containing 100ug/mL Chl) produced 
potent complement-mediated inhibition of both autologous 
and allogeneic granulocyte-macrophage (CFU-GM) hema- 
topoietic progenitors with little demonstrable cytotoxic activ- 
ity against autologous or allogeneic erythroid (BFU-E) and 
multipotent (CFU-GEMM) progenitors. Patient serum also 
possessed little activity against autologous and allogeneic 
lymphocytes, granulocytes, or morphologically identifiable . 
marrow granulocytic precursors. Patient convalescent-phase — 
serum (obtained after recovery of marrow and peripheral 
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blood granulocytopenia and four weeks following cessation of 
Chl) no longer inhibited autologous or allogeneic CFU-GM. 
However, the addition of Chl to patient convalescent-phase 
serum resulted in potent drug concentration-dependent, 
complement-mediated selective inhibition of autologous and 
allogeneic CFU-GM. Inhibition of allogeneic CFU-GM was 
no longer demonstrable following protein A-sepharose 
immunoabsorbent removal of IgG from patient serum. These 
results are most consistent with the development of Chl- 
dependent selective antibody-mediated immune inhibition of 
granulopoiesis. 

The etiology and pathogenesis of marrow pure white cell 
aplasia appear in many ways analogous to the previously 
described syndrome of acquired pure red cell aplasia,” 
Primary chronic pure red cell aplasia has been associated in 
about 50% of cases with IgG autoantibodies causing either 
complement-dependent erythroblast lysis, complement-inde- 
pendent inhibition of erythroid progenitor colony growth, or, 
rarely, inhibition of endogenous circulating erythropoie- 
tin,” * We have previously described a patient with pure 
white cell aplasia associated with a spontaneously arising 
(non-drug-dependent) complement-fixing IgG autoantibody 
that selectively inhibited autologous and allogeneic CFU- 
GM proliferation.» Thymomas have also been reported in 
association with both acquired pure red cell aplasia and with 
acquired marrow granulocytic hypoplasia?” At least four 
cases of Chl-associated pure red cell aplasia have been 
previously reported.”””? Agranulocytosis has also been 
described as a rare complication of Chl administration; 
marrow smears in these patients have revealed varying 
degrees of hypocellularity and only partial preservation of 
erythroid elements and megakaryocytes. ™®?! Stein et al have 
described a female patient with fatal agranulocytosis asso- 
ciated with Chl therapy and the presence of serum leukoag- 
glutinins. The marrow in this case was described as hypocel- 
lular with “profound depression of myeloid cells” but with 
normal erythroid cells and megakaryocytes.” No further 
studies were undertaken to evaluate the mechanism of the 
selective marrow myeloid hypoplasia. 

A number of mechanisms have been postulated to explain 
the pathogenesis of drug-induced immune cytolysis.’ In 
penicillin-induced hemolytic anemia, the drug is tightly 
bound to erythrocytes in vitro and in vivo’; inhibition of 
autologous CFU-GM was not seen in our patient, however, 
when Chi was preincubated with target marrow mononu- 
clear cells prior to washing and incubation with patient 
serum plus complement, thus making a drug-adsorption 
mechanism unlikely. An “innocent bystander” mechanism 
has been described in a case of Chl-induced immune hemo- 
lytic anemia in which the causal antibody was found to be a 
complement-requiring IgG immunoglobulin.” Alternatively, 
drugs may in some patients lead to the production of 
“autoantibodies” directed against intrinsic red cell anti- 
gens. In this instance, however, antibodies are usually 
demonstrable in the absence of drug, and cell cytolysis 
usually persists for several weeks to months following cessa- 
tion of drug therapy. 

The explanation regarding cellular specificity of drug- 
induced immune cytolysis remains to be elucidated. Recent 
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evidence suggests, however, that target cells may have recep- 
tors for some drugs or drug-antibody complexes.” Chlorpro- 
pamide-induced immune hemolytic anemia has been 
described in at least one instance to be associated with an 
antibody directed against Jk’ antigenic determinants.” 
Human red blood cell surface antigenic determinants have 
not, however, been found on hematopoietic progenitor cells,” 
Claas et al have provided evidence that certain drugs may 
induce autoantibody formation by reacting with restricted 
non-HLA polymorphic determinants present on the surface 
of either platelets or granulocytes.” Cellular specificity in 
drug-antibody reactions may also be conferred as a conse- 
quence of alternative mechanisms of drug-antibody binding 
to target cell determinants: binding of antidrug antibody to 
target cells, which occurs only in the presence of drug, has 
been shown in preliminary experiments utilizing quinidine- 
dependent antiplatelet antibodies to be mediated by the Fab 
domain cf the antibody rather than the Fe portion of the 
immunogfobulin.“” Our data seem most consistent with the 
hypothesis that binding of patient drug-antibody complex 
occurs via an antigenic determinant or receptor that 1s 
relatively restricted in expression to the surface of human 
CFU-GM and which appears to be lost during the early 
stages of >rogenitor cell differentiation.” 

Granulocyte-macrophage progenitors, obtained from 
the patient during a time of profound neutropenia, grew 
normally in the absence of patient serum or drug. These 
observations suggest that the assayed colonies may have 
arisen from primitive precursors that did not bind the 
patient’s drug-antibody complex. Erythroid colonies are 
often similarly present in normal or increased numbers in the 
marrow of patients with antibody-mediated inhibition of 
erythropciesis and pure red cell aplasia.°“? Marrow colony 
growth in patients with humoral inhibitors of autologous 
hematopciesis has also been described in spontaneously 
arising pure white cell aplasia and in patients with antibody- 
mediated aplastic anemia.**? Normal growth of patient 
CFU-GM may, alternatively, reflect differences in vivo and 
in vitro in the kinetics of drug-antibody receptor binding and 
cytolysis. 

Drug-associated inhibition of granulocyte-macrophage 
progenitor growth has been described infrequently in 
patients with agranulocytosis.” Bone marrow smears, 
however, in a number of these patients have demonstrated 
coexistent suppression of erythroid and megakaryocytic 
activity ər, alternatively, considerable preservation of 
myeloid activity with a relative paucity of only the more 
mature granulocytic elements. In some cases of purported 
drug-induced suppression of marrow colony formation, the 
drug inhibited growth of normal allogeneic myeloid colonies 
but did not suppress growth of patient recovery marrow 
colonies.’ Taetle et al have described two patients with 
diphenylhydantoin-associated antibody-mediated inhibition 
of granubopoiesis; sera from these patients, however, also 
appeared capable of mediating destruction of polymorphonu- 
clear leukocytes.” Kelton et al have reported a patient with 
quinidine-induced pancytopenia and marrow hypoplasia; 
quinidine plus patient serum inhibited growth of both autolo- 
gous and allogeneic erythroid and granulocytic progenitor 


CHLORPROPAMIDE-INDUCED PURE WHITE CELL APLASIA 


cells. Very recently Mamus et al” have described the 
development of reversible marrow granulocytic aplasia in 
association with ingestion of ibuprofen. Inhibition of in vitro 
granulopoiesis in this instance was observed only in the 
presence cf patient serum or IgG plus ibuprofen plus comple- 
ment. 

Further investigations of patients with drug-induced 
immune suppression of hematopoiesis should provide a better 
understanding of the mechanisms underlying drug-induced 
myelosuppression and may identify either surface antigenic 
determinants or antibodies which would prove useful in the 
recognition and purification of early hematopoietic progeni- 
tor cells. 
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Altered Plasma Membrane Phospholipid Organization in Plasmodium 
falciparum-Infected Human Erythrocytes 


By R.S. Schwartz, J.A. Olson, C. Raventos-Suarez, M. Yee, R.H. Heath, B. Lubin, and R.L. Nagel 


The intraerythrocytic development of the malaria parasite 
is accompanied by distinct morphological and biochemical 
changes in the host cell membrane, yet little is known 
about development-related alterations in the transbilayer 
organization of membrane phospholipids in parasitized 
cells. This question was examined in human red cells 
infected with Piasmodium falciparum. Normal red cells 
were infected with strain FCR3 or with clonal derivatives 
that either produce (K*) or do not produce {K~) knobby 
protuberances on the infected red cells. Parasitized cells 
were harvested at various stages of parasite development, 
and the bilayer orientation of red cell membrane phospho- 
lipids was determined chemically using 2,4,6-trinitroben- 
zene sulphonic acid (TNBS) or enzymatically using bee 
venom phospholipase A, (PLA,) and sphingomyelinase C 
(SMC). We found that parasite development was accompa- 
nied by distinct alterations in the red cell membrane 
transbilayer distribution of phosphatidytcholine (PC), phos- 


ALARIA IS the world’s most common form of hemo- 

A lytic anemia and remains a major public health 

problem in many areas of the world. In 1983 the number of 

malaria cases reported worldwide was 5.5 million, and it is 

estimated that approximately 65% of the world’s population 
lives in malarious areas.’ 

Involvement of red cell membrane glycoproteins has 
been implicated in the attachment of parasites to the mem- 
brane," and parasite maturation has been shown to result in 
a redistribution of spectrin,’ the major membrane skeletal 
protein. Alterations in the morphology of the infected cells as 
well as changes in their osmotic fragility,"*' membrane 
deformability, ** and permeability to cations,’® amino 
acids," and glucose’’ strongly suggest that membrane lipids 
are also affected by parasitization. 

In normal human erythrocytes, the phospholipids compris- 
ing the plasma membrane are distributed asymmetrically 
between the bilayer leaflets. This asymmetric distribution 
results in the exoplasmic leaflet being enriched in phosphati- 
dylcholine (PC) and sphingomyelin (SM) while the cytoplas- 
mic leaflet is enriched in phosphatidylethanolamine (PE) 
and contains all of the phosphatidylserine (PS). Alterations 
in the bilayer distribution of membrane phospholipids have 
been noted in several pathologic erythrocytes including sickle 
cells,” spherocytes due to spectrin deficiency,” elliptocytes 
due to protein 4.1 deficiency,” as well as in erythrocytes 
undergoing drug-induced endocytosis.” We have investi- 
gated the organization of membrane phospholipids in human 
red cells infected with knobby and knobless strains of Plas- 
modium falciparum and determined that significant 
changes occur in their bilayer distribution during the intra- 
cellular maturation of the parasites. 


MATERIALS AND METHODS 


Cultivation of P falciparum. Parasites were grown at a 5% cell 
suspension by the method of Jensen and Trager.” The FCR3 strain 
was maintained in synchronous development by a combination of 
sorbitol treatment” and gelatin enrichment,” as proposed by Kile- 
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phatidylethanolamine (PE), and phosphatidyiserine (PS). 
increases in the exoplasmic membrane leaflet exposure of 
PE and PS were larger in the late-stage parasitized cells 
than in the early-stage parasitized cells. Similar results 
were obtained for PE membrane distribution using either 
chemical (TNBS) or enzymatic (PLA, plus SMC) methods, 
although changes in PS distribution were observed only 
with TNBS. Uninfected cohort celis derived from mixed 
populations of infected and uninfected celis exhibited nor- 
mal patterns of membrane phospholipid organization. The 
observed alterations in P falciparum-infected red cell mem- 
brane phospholipid distribution, which is independent of 
the presence or absence of knobby protuberances, might 
be associated with the drastic changes in cell membrane 
permeability and susceptibility to early hemolysis observed 
in the late stages of parasite development. 

©1987 by Grune & Stratton, inc. 


jian.“ Sorbitol treatment resulted in cultures highly enriched 
{>98%) in “early ring” stage-infected cells. Gelatin enrichment 
resulted in cultures that were predominantly (75%) late-stage 
parasites (trophozoites and schizonts}. Knobby (A2.K°) and knob- 
less (D4,K~) clones of FCR3”’ were synchronized with sorbitol 
treatment only. The extent of parasitemia and stage of development 
was determined by Giemsa-stained cells. 

For experiments using the FCR3 strain of P falciparum, fresh, 
washed normal human red cells were inoculated with late schizonts 
obtained from gelatin supernatants (parasitemia > 80%) to a final 
parasitemia of 5% and plated at 1% cell suspension prior to incuba- 
tion.” For experiments using the K* or K~ clones of FCR3, cultures 
were first grown at a 1% cell suspension to a parasitemia of > 30%. 
This material was diluted to 5% parasitemia with fresh, washed red 
cells and plated as for FCR3. For controls, uninfected red cells from 
the same donor as the infected samples were incubated simulta- 
neously, 

Late ring-infected cells were collected from culture approximately 
24 hours after inoculation. Trophozoite-infected cells were collected 
at approximately 36 hours and schizont-infected cells at approxi- 
mately 48 hours. In some experiments FCR3 trophozoite- or 
schizont-infected cells were enriched from uninfected red cells by 
gelatin treatment.” 

Determination of erythrocyte plasma membrane phospholipid 
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organization. Red cell membrane phospholipid organization was 
determined enzymatically using phospholipase A, (PLA,, from bee 
venom) and sphingomyelinase C (SMC, from Staphylococcus au- 
reus) or chemically using the amino-labeling reagent trinitroben- 
zene sulphonic acid (TNBS). In the absence of extensive cell 
hemolysis, these probes do not penetrate the membrane bilayer and 
react only with those phospholipids exposed on the red cell mem- 
brane surface. Therefore, the extent to which the various classes of 
phospholipids react with these probes is a measure of their exposure 
in the membrane exoplasmic leaflet. 

At various stages of parasite development, 0.1 mL washed packed 
red cells were treated with 12.5 or 25 units PLA, at 37°C for 45 
minutes followed by 1.5 or 3 units SMC for 30 minutes, or with 5 
mmol/L TNBS for 1 hour in a total volume of 4 mL (final 
hematocrit of 2%). The buffer used for the PLA,/SMC experiments 
contained 10 mmol/L sodium phosphate, pH 7.4, 10 mmol/L 
sodium chloride, 0.25 mmol/L magnesium chloride, 0.5 mmol/L 
calcium chloride, 130 mmol/L potassium chloride and 10 mmol/L 
glucose; while that used for the TNBS experiments contained 50 
mmol/L sodium phosphate, pH 8.5, 1.2 mmol/L potassium phos- 
phate, 120 mmol/L sodium chloride, 5 mmol/L potassium chloride, 
0.5% bovine serum albumin, and 5.5 mmol/L glucose. Following the 
incubation the cells were collected by centrifugation, and the extent 
at cell hemolysis was determined by the supernatant absorbance of 
$40 nm. Enzyme-treated cells were immediately lysed with 0.5 mL 5 
mmol/L EDTA (pH 7.4), while TNBS-treated cells were washed 
once in the incubation buffer (pH 7.4), twice in 0.9% saline (pH 7.4). 
and then lysed with 0.5 mL water. The lipids were extracted, 
individual phospholipid classes separated by thin-layer chromatog- 
raphy,” and quantitated by phosphorous determination. ® The per- 
centage of phospholipid hydrolysis (for enzyme-treated cells) or 
modification (for TNBS-treated cells) was calculated as the ratio of 
the amount of hydrolysed (modified) phospholipid to the amount of 
total (hydrolysed or modified + native) phospholipid for each phos- 
pholipid species. 

Hemoglobin electrophoresis. Aliquots of the red cell lysates 
prepared from the control or TNBS-treated cells were subjected to 
hemoglobin electrophoresis on cellulose acetate strips.” Each sample 
contained the equivalent of from $ to 10 uL packed cells; the 
electrophoresis was performed at pH 8.5 at 380 V for 20 minutes at 
24°C in a Helena Electrophoresis Chamber (Helena Labs, Beau- 
mont, TX). The electrophoresed cellulose acetate strips were stained 
in Ponceau S stain [0.5% (wt/vol) Ponceau S, 3.5% (wt/vol) 
sulfosalicylic acid, 3.5% (wt/vol) trichloroacetic acid] and then 
destained in 5% acetic acid. 


RESULTS 


Plasma membranes from normal uninfected human eryth- 
rocytes maintained in cell culture for periods of time equiva- 
lent to those of the P falciparum-infected cells (24 to 48 
hours) contained approximately 32% PC, 28% PE, 14% PS, 
and 25% SM. The total amount of extractable membrane 
phospholipid in the late-stage parasitized cell populations 
was about 20% greater than in the uninfected control or 
early-stage parasitized cells. This increase is likely due to 
presence of a parasitiphorus membrane that encapsulates the 
parasites and develops during parasite maturation. Mem- 
branes from infected cells contained similar proportions of 
membrane phospholipids, suggesting that parasitization and 
development of the parasitiphorus membrane was not 
accompanied by conversion of one phospholipid species to 
another (Table 1). Subjecting normal uninfected erythro- 
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cytes to phospholipid hydrolysis using PLA, and SMC 
yielded the pattern given in Table 2. Combined PLA, and 
SMC treatments yielded hydrolysis of 75% + 3% of the PC, 
27% + 2% of the PE, none of the PS, and 59% + 1% of the 
SM. In contrast to uninfected cells, P falciparum-infected 
cells containing early-stage (ring-form) parasites showed a 
moderate increase in PE hydrolysis (33% + 6%, P < 0.001) 
with a concomitant decrease in PC hydrolysis (57% + 5%, 
P < 0.001). Hydrolysis of SM (54% + 6%) was not signifi- 
cantly different from that of the uninfected cells 
(59% + %), nor was there any hydrolysis of PS. Intracellu- 
lar maturation of the parasites to trophozoites and schizonts 
resulted in further increases in PE hydrolysis (46% + 6%, 
P < 0.001). Infected cells containing clonal derivatives pro- 
ducing knobs (K*) also showed marked elevations in PE 
hydrolyss that progressively increased as the parasites 
matured from early-stage forms to late-stage forms 
(34% + 8% and 44% + 7%, respectively, P < 0.001). Simi- 
larly, in’ected cells containing clonal derivatives lacking 
knobs (K`) exhibited increased PE hydrolysis (42% + 2% in 
the late-stage forms, P < 0.001, not measured in the early- 
stage forms). Decreases in the extent of PC hydrolysis were 
also observed in both the K*- and K` -infected cells, similar 
to those seen in the uncloned FCR3-infected cells. Mem- 
brane orzanization of SM was examined only in the early- 
stage parasitized cells where no differences were observed, 
nor was there any evidence for PS hydrolysis in any of the 
infected cells. As noted in Table 1, maturation of the 
parasites resulted in an approximate 20% increase in total 
extractable membrane phospholipid. 

Although our data indicate that parasitized cell mem- 
branes demonstrate a loss of phospholipid asymmetry, we 
can only speculate on whether such changes represent a 
complete loss of asymmetry in subpopulations of the infected 
cells or a partial loss of asymmetry in all of the infected cells. 
To address this issue we performed calculations using the 
data given in Table 2 and compared the calculated values to 
the measured values for phospholipid hydrolysis. For exam- 
ple, cons dering PE hydrolysis in the synchronous cell culture 
(Syn)-in ected cells, calculations assuming 100% PE hydrol- 
ysis (ie, complete loss of PE asymmetry) in all of the 
parasitized cells yielded an average value of 40% PE hydroly- 
sis. This calculated value compares favorably with the mea- 
sured va ue of 46% + 6% PE hydrolysis by PLA, and SMC 
in the Syn-late-stage infected ceils. Calculations assuming 
only 50% PE hydrolysis in all of the parasitized cells yielded 
an averege of 31% PE hydrolysis. This calculated value 
agrees closely with the measured value of 33% + 6% PE 
hydrolysis in the Syn-early-stage infected cells. Similarly, 
calculations for PE hydrolysis in the K* and K`-infected 
cells yielded an average of 36% PE hydrolysis if all of the PE 
had translocated to the exoplasmic leaflet and 30% if only 
50% of the PE had translocated. These calculated values 
agree favorably with the measured values of 44% + 7% and 
34% + 8% for K*-late- and K”-early~stage infected cells, 
respectively. Thus, our calculations suggest but do not prove, 
that in early-stage parasitemia only a portion (~50%) of 
cytoplasnic leaflet PE becomes accessible to the exoplasmic 
leaflet, whereas in late-stage parasitemia essentially all of 


PLASMA MEMBRANES OF MALARIA-INFECTED RBCs 


Table 1. Plasma Membrane Phospholipid Content of Human Erythrocytes Infected with P Faiciparum 


% 
Erythrocyte Parasitemia PC 
Normal erythrocytes maintained in cell 
culture 0 32 + 
Syn-early stage (rings) 17 32 + 
Syn-late stage (trophozoites + 
schizonts} 18 33 + 
K *-early stage 14 32 + 
K “-late stage 13 31+ 
K -early stage 13 34 + 
K “~late stage 12 35 + 
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Phospholipid Content, 
% of Total Phospholipids 


PE PS SM Total PL 
28 + 2 14 +14 25 +3 1.8 + 0.2 
26 +3 14 + 2 2724 18+ 0.3 
25 + 3 13 + 2 27 +3 2.2 + 0.3* 
25 + 2 13 +3 27 +4 1.7 + 0.7 
24+ 2 14 +2 27 +3 2.0 + 0.4* 
26 + 2 13+ 1 27 +3 18+ 0.1 
28 + 3 13+ 2 24 +4 2.12 0,3" 


Erythrocytes (0.1 mL packed cells, 2%. final hematocrit) were incubated for 75 minutes at 37 °C in buffer containing 10 mmol/L sodium phosphate, 
pH 7.4, 10 mmol/L sodium chloride, 0.25 mmol/L magnesium chloride, 0.5 mmol/L calcium chloride, 130 mmol/L potassium chloride and 10 mmol/L 
glucose. Following the incubation the celis were collected by centrifugation, and the extent of cell hemolysis was determined from the supernatant 
absorbance at 540 nm. The cells were then lysed with 0.5 mL 5 mmol/L EDTA, the lipids were extracted, individual phospholipid species separated by 
thin-layer chromatography and quantitated by phosphorous determination. Erythrocytes infected with P falciparum strain FCR3 were maintained in 


synchronous cell culture (Syn) as were the cells infected with clonal derivatives that produce (K~) or do not produce {K`} knobby protuberances. Early 
stage parasites were predominantly ring forms, while late stage parasites were predominantly trophozoite and schizont forms, Results for total 
extractable membrane phospholipid {Total PL) are given as ug phosphate/O.1 mL packed cells. Results presented for each phospholipid species represent 
the percent of total phospholipids, and are the mean (+ 1 SD) of from three to eight determinations. 

*Significantly different from uninfected normal erythrocytes at P < 0.05. 


the cytoplasmic leaflet PE becomes accessible to the exoplas- 
mic leaflet. 

An alternative method for detecting phospholipids 
exposed on the surface of cells involves chemically labeling 
the aminophospholipids using 2,4,6-trinitrobenzene sul- 
phonic acid (TNBS). This reagent only slowly penetrates 
living cells and has been used by many laboratories to 
covalently label aminophospholipids exposed on the surface 
of both normal’? and pathologic erythrocytes.” We 
obtained similar results using TNBS as we did using phos- 
pholipases. As shown in Table 3, uninfected cells maintained 
in cell culture exhibited labeling of both PE (9% + 5%) and 
PS (2% + 2%). The extent of PE labeling increased dramati- 
cally in the parasitized cells; the uncloned FCR3 ring-form 
parasitized cells showed a threefold increase in PE labeling 


Tabie 2. Plasma Membrane Phospholipid Organization of Human Erythrocytes Infected with P Faiciparum 





(P < 0.001) that continued to increase as the parasites 


lar increases in PE labeling were also seen in the K* and K7 
clonal derivatives; however, the extent of increase (two- to 
threefold, P < 0.001) was about 30% less than that seen in 
the FCR3-infected cells. This may be due to the lower levels 
of parasitemia achieved in the clonal derivatives or may 
represent a selective effect of cloning. The extent of PS 
labeling showed a slightly different pattern from that of PE 
labeling; none of the early stage parasitized cells showed 
labeling of PS above uninfected cell values regardless of 
whether the parasites were of the FCR3, K*, or K~ variants. 
However, cells infected with late (trophozoite)-stage para- 
sites showed small but statistically significant increases in PS 
labeling (P < 0.05 for K*-trophozoites, P < 0.003 for K“tro- 


Phospholipid Hydrolysed, 
% of Total Phospholipids 


% si 
Erythrocyte Parasitemia PC PE PS SM Total PL 

Normal erythrocytes maintained in cell 

culture 0 75 +3 27 +2 Q 59+4 1.8 + 0.2 
Syn-early stage (rings) 17 57 + 5” 33 + 6* 0 54 +6 1.8 203 
Syn-late stage (trophozoites -+ 

schizonts) 18 50 = 4* 46 + 6* 0 ND 2.2 + 0.34 
K *-early stage 14 62 + 9* 34 + 8* 0 57 +4 1.7+0,1 
K *-late stage 13 55 + 6° 44 + 7* 0 ND 2,0 + 0.44¢ 
K -early stage 13 62 + 7* ND 0 52 +2 1.8 + 0.1 
K “-late stage 12 51 + 9* 42 + 2* 0 ND 2.1 2 0.34 





Erythrocytes (0.1 mL packed celis, 2% final hematocrit) were treated with 25 units bee venom phospholipase A, for 45 minutes at 37 °C followed by 
three units Staphylococcus aureus sphingomyelinase C for 30 minutes at 37 °C. Erythrocytes infected with P falciparum strain FCR3 were maintained in 
synchronous cell culture (Syn) as were the cells infected with clonal derivatives that produce {K °} or do not produce (K`) knobby protuberances. 
Membrane phospholipids were separated and quantitated as in Table 1. Treatment-induced cell hemolysis was < 6%. 

Results for total extractable membrane phospholipid (Total PL) are given as ug phosphate/O.1 mL packed cells. 

Values represent the mean (+1 SD) of from three to eight determinations. Significantly different from normal erythrocytes at P < 0.001.* ar 
P < 0.05.4 

ND = Not determined. 





Table 3. Plasma Membrane Phospholipid Organization of Human Erythrocytes Infected with P Falciparum 
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% 
Erythrocyte Parasitemia 

Normal erythrocytes maintained in cell culture 0 
Syn-rings 18 
Syn-trophozoites 17 
Syn-schizonts 20 
K *-rings 14 
K *-trophozoites 13 
K “-rings 13 
K” -trophozoites 12 


Erythrocytes (0.1 mL packed cells, 2% final hematocrit) were treated with § mmol/L TNBS for 1 hour at 37 °C. FCR3-parasitized cells were 
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% Phospholipid 
Labeled by TNBS 
PE PS Total PL 

9285 2 2+2 1.8 + 0.2 
24 + 3* 243 1.8 + 0.3 
41 + 8* 2414 2.0 + 0.4 
43 + 6* te? 2.2 + O.4+ 
16 + 1* 33 1.7 + 0.1 
30 + 7* 4+ it 2.0 + O.AF 
17 2 2* 2+1 1820.1 
29 + 4* ees 2.1 + O.3+ 


maintained in synchronous cell culture (Syn) as were the cells infected with clonal derivatives that produce (K*) or do not produce (K`) knobby 
protuberances. Membrane phospholipids were separated and quantitated as in Table 1. Treatment-induced cell hemolysis was < 5%. 

Results for total extractable membrane phospholipid (Total PL) are given as ug phosphate/O.1 mL packed cells. 

Values represent the mean (+ 1 SD) of from eight to 12 determinations. Significantly d ferent from normal erythrocytes at P < 0.001,* P < 0.05,f or 


P < 0.003}. 


phozoites); this increase was most marked in the schizont- 
infected cells (fourfold increase, P < 0.001). Increases in PE 
and PS labeling were not associated with any increases in cell 
hemolysis, which was always <5%. 

It should be noted that our measurements given in Tables 
1 to 3 were made using mixtures of both infected and 
uninfected (cohort) cells. Since <20% of the cells contained 
parasites, it is likely that the relatively small changes in 
phospholipid organization we found for PS in these cell 
mixtures actually represented much larger changes in the 
parasitized cells, assuming that cohort cells were unaffected. 
To address this issue directly we separated cohort cells from 
parasitized cells by sorbitol treatment™ and examined their 
membrane phospholipid organization using phospholipases. 
As shown in Table 4, we found no evidence to indicate that 
membrane phospholipid organization was abnormal in 
cohort cells. To minimize hemolysis during cell treatment we 
used smaller amounts of enzymes in the cohort cell experi- 
ments than in the experiments reported in Table 2; therefore, 
the values obtained for cohort cell membrane phospholipid 
hydrolysis were somewhat lower. 

It is obvious that the validity of using either enzymatic 
hydrolysis or chemical modification of phospholipids to 
probe for the exoplasmic leaflet content of phospholipids 
depends on the reagents being restricted to exoplasmic leaflet 
phospholipids. Although the extent of cell hemolysis is the 


most oft2n used indicator of an intact (and thereby imperme- 
able to tne probe) cell membrane. it is certainly not the most 
accurate method, since even smal! amounts of penetration by 
the protes could result in the hydrolysis or modification of 
cytoplasmic leaflet phospholipids. To more accurately deter- 
mine the extent of probe penetration in our assay system, we 
made use of the fact that TNBS covalently labels both 
phospholipids and proteins containing primary amines. Pene- 
tration cf intact cells by TNBS would, therefore, result in the 
labeling of hemoglobin. TNBS-labeled hemoglobin is more 
negatively charged than is native hemoglobin and can be 
separated and quantitated by standard hemoglobin electro- 
phoresis techniques. When we analyzed hemolysates pre- 
pared from the TNBS-treated cells, we did not find evidence 
for hemoglobin modification unless the cells were first lysed 
prior to the addition of TNBS (Fig 1). It can be argued that a 
TNBS-remoglobin adduct might not be visible electropho- 
retically if only a small percentage of the added TNBS 
actually penetrated the cell membrane. Therefore, to evalu- 
ate the sensitivity of our system for detecting TNBS- 
hemoglobin, we incubated normal uninfected erythrocyte 
hemolysates (made from a 2% hematocrit) with varying 
concentrations of TNBS (0 to 5 mmol/L) and examined the 
electrophoretically separated hemoglobins for the presence 
of TNBS-hemoglobin. We found that at TNBS concentra- 
tions of >0.25 mmol/L, complete modification of hemoglo- 


Table 4. Plasma Membrane Phospholipid Organization of Uninfected Cohort Populations 
from P Faiciparum-infected Human Erythrocytes 





% 
Erythrocyte Parasitemia 
Normal erythrocytes maintained in cell culture 0 
Uninfected cohort cells from Syn-late-stage 
infected mixed cell populations <1 
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Phospholipid Hydrolysed, 
% of Total Phospholipids 
PC PE PS SM Total PL 
64 + 1 14+ 2 9 26 + 2 1.7 + 0.2 
72+8 15 + 1 0 3t «7 18 + 0.2 
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Erythrocytes {0.1 mL packed cells, 2% final hematocrit) were treated with 12.5 units bee venom phospholipase A, for 45 minutes at 37 °C followed 
by 1.5 units Staphylococcus aureus sphingomyelinase C for 30 minutes at 37 °C. Uininfected erythrocytes from mixed populations of erythrocytes 
infected with late-stage forms of strain FCR3 maintained in synchronous cell culture iSyn) were separated by sorbitol treatment. Membrane 
phospholipids were separated and quantitated as in Table 1. Treatment-induced cell he nolysis was < 3%. 

Results for total extractable membrane phospholipid {Total PL) are given as ug phosphate/O.1 mL packed cells. 


Values represent the mean (+ 1 SD) of four determinations. 
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Fig 1. Hemoglobin pattern obtained with cellulose acetate 
electrophoresis. Parasitized cells (2% final hematocrit) were 
reacted with 5 mmol/L TNBS, as in Table 3, after which the cells 
were washed three times with saline, hemolysates were made in 
water, and electrophoresis was performed. Lane 1, erythrocytes 
infected with trophozoites; lanes 2 to 4, erythrocytes infected 
with schizonts; lanes 5 to 6, uninfected erythrocytes; lane 7, 


TNBS-reacted erythrocyte lysate; lane 8, hemoglobin standards 
(C,S.F,A). Or ~ Sample application origin. 


bin to TNBS-hemoglobin occurred, as evidenced by the 
complete disappearance of the unmodified hemoglobin band 
following electrophoresis (Fig 2). Thus, penetration of >5% 
of TNBS added to our experiments with intact cells (5 
mmol/L) would have resulted in the complete modification 
of hemoglobin to TNBS-hemoglobin. The absence of detect- 
able TNBS-hemoglobin in the TNBS-treated cells strongly 
suggests that TNBS did not penetrate the cell membrane to 
any appreciable extent, ie, that only those aminophospho- 
lipids located on the exoplasmic bilayer leaflet were labeled. 


i" 
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Fig 2. Hemoglobin pattern obtained with cellulose acetate 
electrophoresis. Hemolysates prepared from normal uninfected 
erythrocytes (2% final hematocrit) were reacted at pH 8.5 with 
TNBS (lane 1, no TNBS; lane 2, 0.05 mmol/L; lane 3, 0.1 mmol/L; 
lane 4, 0.25 mmol/L; lane 5, 0.5 mmol/L; lane 6, 0.75 mmol/L; lane 
7, 1 mmol/L; lane 8, 2 mmol/L; lane 9, 3 mmol/L; lane 10, 4 
mmol/L; lane 11, 5 mmol/L) for 1 hour at 37 °C, and then subjected 
to electrophoresis, as in Fig 1. The presence of TNBS-hemoglobin 
is indicated by the appearance of a diffuse band that migrates 
ahead of the unmodified hemoglobin along with the concomitant 
disappearance of the unmodified hemoglobin. Or ~ Sample appli- 
cation origin. 
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DISCUSSION 


The evidence presented here suggests that infection and 
intraerythrocytic maturation of the malaria parasite Plas- 
modium falciparum is associated with profound alterations 
in the bilayer distribution of phospholipids in the infected 
host cell membrane. Using two different probes (enzymatic 
and chemical) to study red cell membrane bilayer phospho- 
lipid organization, we found that parasitization resulted in a 
partial loss of the normal asymmetric organization of mem- 
brane phospholipids as evidenced by the appearance of 
increased amounts of phosphatidylethanolamine (PE) and 
phosphatidylserine (PS) and a decreased amount of phos- 
phatidylcholine (PC) in the exoplasmic leaflet of infected 
cells. The extent of these alterations was dependent upon the 
stage of parasite development: cells infected with early 
(ring-form) stages showed a partial redistribution of PE and 
PC but not PS, whereas cells infected with late (trophozoite- 
and schizont-form) stages also showed the above plus a 
partial redistribution of PS. Uninfected cohort cells that 
were cultured along with the infected cells exhibited normal 
patterns of membrane phospholipid organization. Other 
workers have similarly reported that cohort cells do not 
display membrane abnormalities. For example, Sherman 
and Greenan,”* who examined membrane fluidity in P falci- 
parum-infected human erythrocytes, found no evidence for 
abnormalities in the uninfected cohort cells. 

Redistribution of membrane phospholipids was found to 
occur in the FCR3 as well as in the knobby (K*) and 
knobless (K`) variants, suggesting that the appearance of 
knobby protuberances in the infected cells is not associated 
with specific alterations in the bilayer distribution of mem- 
brane phospholipids. Since only the K* strain is capable of 
venous sequestration,” we conclude that phospholipid redis- 
tribution is not involved in the interaction of parasitized cells 
with endothelium. This conclusion is supported by other 
workers who have reported that alterations in the phospho- 
lipid organization of human erythrocyte membranes does not 
enhance their adherence to endothelium.” However, 
increased exoplasmic leaflet content of aminophospholipids, 
in particular PS, has been shown to stimulate the adherence 
of affected red cells to mononuclear phagocytes.” Whether 
or not alterations in membrane phospholipid organization in 
parasitized red cells affect this aspect of the pathophysiology 
of the disease remains speculative; however, parasitized cells 
are known to be sequestered in large numbers by the spleen” 
and to undergo increased erythrophagocytosis” and adher- 
ence to autologous macrophages." 

Whereas we were able to detect increases in the exoplas- 
mic leaflet content of PE using both the enzymatic (PLA, 
and SMC) and chemical (TNBS) probes, increases in the 
exoplasmic leaflet content of PS were only apparent using 
TNBS. Differences in the sensitivity of the probes for 
phospholipids could be due to the different region of the 
phospholipid molecule to which each probe reacts; the phos- 
pholipases react with the fatty acid-glycerol ester bond that 
is presumably buried within the hydrophobic core of the 
bilayer, whereas TNBS labels the aminophospholipid head 
group that is presumably exposed on the bilayer surface. 
Similarly, differences in probe sensitivity may be responsible 
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for the different extents of exoplasmic leaflet PE measured 
using TNBS and phospholipases in the cultured uninfected 
erythrocytes. 

Other investigators have similarly reported that the 
plasma membrane of P falciparum-infected red cells exhib- 
its abnormal properties, including increases in membrane 
disordering (fluidity)***' and a rearrangement of intramem- 
braneous particles.” In this regard, Gupta and Mishra“ 
reported a redistribution of membrane phospholipids in 
rhesus monkey red cells infected with Plasmodium knowlest. 
These authors observed large increases in the exoplasmic 
leaflet content of PE along with large decreases in the 
content of PC in that bilayer leaflet. In contrast to our results 
for P falciparum-infected human red cells, P knowlesi- 
infected monkey red cells did not exhibit any alteration in the 
bilayer distribution of PS. Such differences could be due to 
differences between monkey and human red cells, species 
differences between P knowlesi and P falciparum, or the 
different intraerythrocytic stages of infection examined 
(Gupta and Mishra examined only ring-stage-infected cells 
where we similarly did not find a redistribution of PS). 
However, the fact that infection of human and monkey red 
cells by different species of Plasmodium both resulted in the 
bilayer redistribution of membrane phospholipids strongly 
suggests that phospholipid reorganization may be a common 
event during the course of the intraerythrocytic maturation 
of malaria parasites. Alterations in the organization of 
phospholipids in the parasitized cell membranes could result 
in many of the observed membrane abnormalities, including 
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enhanced permeability to cations and nutrients,” and may 
represent a membrane whose integrity is compromised as a 
result of modifications in membrane lipid-lipid or lipid- 
protein interactions. This loss of red cell membrane integrity 
could be a significant component in the early hemolysis of 
infected cells, a necessary requisite for the continuation of 
the intraerythrocytic asexual portion of P falciparum’s life 
cycle. 

Although we did not specifically examine the mechanism 
by which phospholipid redistribution occurs in parasitized 
cells, it is likely to involve alterations in the rate of phospho- 
lipid translocation between bilayer leaflets. In this regard the 
bilayer translocation of PC in normal human erythrocytes is 
a relatively slow process, whereas the rate is dramatically 
increased in sickled erythrocytes.” It is also noteworthy that 
sickle erythrocytes exhibit increased exoplasmic leaflet 
amounts of PE and PS.'?°* Thus an increased interaction of 
the phospholipid probes with PE and PS may not represent a 
static increase in the exoplasmic leaflet content of those 
phospholipids but rather ar increased rate at which they are 
translocated between bilayer leaflets and, hence, become 
available to interact with the prebes. 
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Murine Malaria Decreases Hemopoietic Stem Cells 


By Paul H. Silverman, John C. Schooley, and Lynn J. Mahimann 


The causes of anemia and immunosuppression, major 
outcomes of malaria, are not well established. This study 
was undertaken to investigate whether erythropoietin (EP) 
production is adequate and whether the hemopoietic stem 
cells (CFU-S) were affected during the course of infection. 
Groups of female Balb/c mice infected with Plasmodium 
vinckei vinckei, Plasmodium berghei, or Plasmodium cha- 
baudi adami were exposed to five hours of simulated 
altitude equivalent to 22,000 ft. Plasma samples were 
collected for EP bioassay and radioimmunoassay (RIA}. 
Using radioiron incorporation as an index of erythropoiesis, 
differences in response to infection with different species 
of plasmodia were observed. In general, decreases in 
erythropoietic activity were observed in bone marrow and 


NEMIA is a major complication of malaria and contrib- 

utes to the morbidity and mortality effects of the 
disease. Numerous studies over the past 20 years have 
indicated that mechanisms of red cell destruction and 
autoimmune responses are by themselves inadequate to 
account for the severity and extent of anemia caused by 
malaria.'* 

Another aspect of malaria infection concomitant with 
anemia is immunosuppression. Efforts to elucidate these 
mechanisms have been largely limited to clinical observa- 
tions and studies that have focused on peripheral blood 
cells.’ These studies have tended to suggest that deficien- 
cies in T lymphocytes occur and that splenic macrophages 
play a role in regulating immune hyporesponsiveness during 
malaria infection. Other workers have suggested that immu- 
nosuppression is due either to impairment of the progenitor 
cells of granulocytes/macrophages or an imbalance of the 
competition between erythropoietic and immune cell lin- 
eages, which are all derived from a common pluripotent stem 
cell (CFU-S) 18" 

We"? and others'*'* have observed that during infection 
with murine malaria, an ample quantity of erythropoietin 
(EP) is produced; however, erythroid progenitors fail to 
respond to the hormone. From the data presented here, 
which expands our previous report,” it is apparent that the 
CFU-S compartment in the bone marrow decreases during 
the course of infection. 
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spleen as the infection progressed and continued to be 
depressed after apparent resolution of a nonlethal infec- 
tion with P. chabaudi adami. Marrow from infected and 
control femurs were tested for CFU-S content using the 
spleen colony assay. The cellularity and CFU-S content of 
the femoral marrow decrease as the parasitemia increases. 
All three species of plasmodia stimulate EP production 
during peak parasitemias, indicating that adequate 
amounts of EP are available to the erythron during malarial 
infection. Depletion of CFU-S and probabie lack of compen- 
satory turnover of CFU-S may contribute to the disease 
characteristics of malaria. 

This is a US Government work. There are no restrictions 
on its use. 


MATERIALS AND METHODS 


Female Balb/c and outbred Swiss Webster mice (Bantin and 
Kingman, Fremont, CA) between 6 and 10 weeks of age were used 
as indicated in the text. The principles of laboratory animal care as 
promulgated by the Public Health Service National Institutes 
of Services were observed. The animals were housed in an Ameri- 
can Association for Accreditation of Laboratory Animal Care 
(AAALAC)-accredited facility. 

Three species of murine malaria were used: Plasmodium vinckei 
vinckei (Pvv), P berghei (Pb), and P chabaudi adami (Pca). Normal 
mice were inoculated by intravenous (IV) injection with 10° infected 
red blood cells. Parasitemia counts were made from tail blood smears 
stained with Dif Quik (American Scientific Products, McGraw 
Park, IL). The percent of infected erythrocytes was determined by 
examining 200 to 1,000 red blood cells. Multiple infection of red cells 
with parasites were often observed but were recorded as a single 
infection. 

Infected and uninfected Swiss Webster mice were exposed to five 
hours in a decompression chamber at a simulated altitude of 22,000 
ft (6,706 m Po, = 67.1 torr) and then sacrificed. Infected and 
uninfected mice not exposed to simulated high altitude served as 
controls. Heparinized whole blcod from groups of 12 to 14 mice was 
collected by cardiac puncture, pooled, and centrifuged. The plasma 
samples were dialyzed, lyophilized, and reconstituted to the original 
volumes. Erythropoietin levels were measured by a polycythemic 
assay'*'* and radioimmunoassay (RIA).” 

Groups of six infected and uninfected BALB/c mice were injected 
IV with 0.5 aCi FeCl, (New England Nuclear, Boston; catalogue 
no. NEZ-037) and sacrificed 6 hours later. The spleens and both 
femurs from each mouse were counted in a Hewlett Packard gamma 
well counter (Palo Alto, CA). One group of uninfected mice was 
injected intraperitoneally (IP) with phenylhydrazine (60 ug/g) for 
two consecutive days. Two days after the second injection 0.50 uCi 
FeCl, was given IV. 

Recipient Balb/c mice for CFU-S bioassay were irradiated with 
700 cGy (100 cGy/min) delivered from a Co irradiation source just 
prior to transplantation.’* At this level of whole body irradiation 
there is less than 0.1 CFU-S per spleen in each group of ten 
endogenous irradiation control mice. These controls were routinely a 
part of the experimental protocol. Single cell suspensions of donor 
femoral marrow were prepared and injected IV into the recipients. 
Femoral cellularity was determined using Zap-oglobin I] and a 
Coulter Counter model ZB} (Coulter Electronics, Hialeah, FL). 
Fight days later whole blood was collected via cardiac puncture for 
determining parasitemias and xenodiagnosis. Xenodiagnosis was 
performed by injecting IV 0.20 mL whole blood into normal mice 
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whenever the parasitemias of the CFU-S assay mice appeared 
negative. The spleens were placed in Bouins solution, and the 
number of spleen colonies were counted using a dissecting micro- 
scope. Some spleens were processed for histologic examination. 


RESULTS 


Erythropoietin production. The results summarized in 
Table | indicated that the plasma EP concentrations are 
normal during the early course of infection with all three 
species of plasmodia. When parasitemias are high (12% to 
40%), EP concentrations increase two- to 100-fold, depend- 
ing upon the species of Plasmodium. An additional challenge 
of hypoxia produces no additional EP in mice infected with 
Pb, but mice infected with Pvv or Pca do increase their 
plasma levels of EP. 

Radioiron incorporation. Studies on the erythropoietic 
activity of the bone marrow and the spleen utilizing radioiron 
incorporation revealed a substantial increase in marrow and 
a decrease in the spleen of mice infected with Pvv (Table 2). 
Mice infected with Pb or Pca showed a dramatic decrease in 
erythropoiesis in both the marrow and spleen as the infection 
progressed to acute levels. During the late stages of infection 
with Pca when the parasitemia was very low or negative, 
radioiron incorporation was about 85% and 50% of normal in 
marrow and spleen, respectively (Table 3). 

Bone marrow cellularity. Determinations of the total 
number of nucleated cells in the femora of mice infected with 
Pvv or Pb indicated consistently that a marked reduction 
occurs soon after infection (Table 4). The bone marrow 
cellularity of femora of mice continued to fall as the infection 


Table 1. Plasma Ep Titers in Mice infected with P vinckei vinckei, 
P berghei, or P chabaudi adami 








Days Parasitemia muU/mt 

Postinocutation % 200 m 5h 6.700 m 
P vinckel vincke! 

2 t 7* {50} 

3 10 3 (50) 

4 30 2 (50) 

5 70 700 (600} 1,100* (600) 

6 35 340 (660) 2,000 (1,100) 
P berghei 

1 0 5 {S0) 290 (300) 

2 0 8 (50) 250 (80) 

3 5 § {50} 280 (120) 

4 20 12 (75) 300 (160) 

6 35 3,000 (3,400) 3,000 {2.400} 

8 40 6,000 (4,800) 4,500 (4,200) 
P chabaudi adami 

6 5 15 (50) 270 (100) 

7 12 27 (50) 250 (180) 

8 12 270 (110) 1,000 (400) 

9 23 500 (130) 750 (280) 

Uninfected O 10 (50} 300 {270} 


*Each value represents the mean of plasma samples that were pooled 
from 12 to 14 animals as determined by radioimmunoassay. 

tNumbers in parentheses represent mean values of plasma samples 
determined by bioassay. 
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progressed, dropping to 40% with Pvv and to 60% of norma! 
with Pb shortly before death (Figs 1 and 2) (P < 0.001). 

The total bone marrow cellularity of femora from mice 
infected with nonlethal Pca decreased to 60% of normal on 
days 7 to 9 postinoculation but began to recover several days 
after the peak parasitemia on day 12 (Fig 3, Table 4). It was 
observed that femora and other bones from mice in the later 
stages of murine malaria were brittle. It appeared that 
osteoclasia was taking place, resulting in thinner bones and 
an increase in bone marrow volume. 

Spleen colony assay. During the process of transplanta- 
tion of bone marrow cells for spleen colony assays, the 
possibility of transfer of parasites from infected donors to 
irradiated recipients was monitored by blood smear examina- 
tion of the recipients on the day of sacrifice. In the majority 
of recipients no evidence of parasitemia was observed. In 
those recipient mice in which parasites were detected, the 
infection usually was present in trace amounts (<1:1000 
RBC) and rarely 1% to 5% with Pwv. Histologic examination 
of spleens from recipient mice that received marrow from 
control or malaria infected donors revealed no differences in 
cell types or parenchymal colony distribution. Also, there 
were no apparent macroscopic differences or significant 
variations in the number of spleen colonies in individual mice 
in similar treatment groups with or without low-level malaria 
infections. 

Stem cell changes. Infection with Pvv did not appear to 
increase the stem cell content in the femora during the early 
phase of the disease. Death from Pvv infection occurred 
seven to nine days after inoculation when the stem cell 
populations were reduced by more than 50% (Fig 1) 
(P < 0.001). During the early phases of infection with Pb, an 
increase in the CFU-S content of the femora was observed. 
However, in the late stages of infection with Pb stem cell 
content dropped to less than 25% of normal just before death 
of the host (Fig 2). 

Pca infection had little or no effect on the stem cell content 
in the femora until the peripheral blood parasitemia was 15% 
as observed on day 7. However, the CFU-S per 10° nucleated 
bone marrow cells showed a 20% to 50% increase above 
normal during the early phase of infection. Maximum 
depression of the CFU-S content and CFU-S per 10° bone 
marrow cells was observed on day 14, after the peak para- 
sitemia had passed, and there was only a trace amount of the 
parasites detectable in the peripheral blood. The cellularity 
and the CFU-S content were at normal levels by day 23, 
about the time the infection was resolved (Fig 3). 

In contrast to the bone marrow data, our assays showed an 
increase in CFU-S content in the blood and spleens of mice 
infected with Pca. Normal blood contained about 1.0 CFU- 
S/0.30 mL. On days 6, 14, and 23, the CFU-S in 0.30 mL 
was 15, >50, and 2. The CFU-S content and cellularity of 
the spleen in uninfected mice contained 2,500 CFU-S and 
about 170 x 10° cells. On day 14, when the parasitemia was 
less than 1%, the CFU-S content reached 38,000, and the 
cellularity rose to 970 x 10° cells. By day 23 postinoculation, 


when the parasitemia was negative, the CFU-S content eo 


dropped to 15,000 and cellularity to 380 x 10° cells. 
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Table 2. The Six-Hour “Fe Uptake in Femoral Marrow and Spleen in Mice as a Function of Time 
After Inoculation with P vinckei vinckei or P berghei* 
o i % of Spleen % Fe 
Days Parasitemia % “Fe Uninfected Weight % Fe per 0.10 g 
Postinoculation % 2 Femurs Famurs g Spleen Spleen 
Uninfected 0 2.4 + 0.12 100 + 7.0 0.11 + 0.01 10.0 + 0.63 9.2 + 1.0 
Phenyithydrazine 0 0.87 + 0.06 36 + 3.0 0.64 + 0.05 27.0 + 0.40 4.2 + 0.30 
F vincket vincket 
1 0 3.1 + 0.15 130 = 8.7 0.11 + 0.03 13 + 0.58 12 + 0.33 
2 ND+ 3.2 + 0.14 130 + 8.7 0.11 + 0.05 11 +4 1.6 10 + 0.47 
3 ND 3.2 + 0.14 130 + 8.7 0.15 + 0.03 14 + 1.3 9.3 + 2.1 
4 2.3 + 0.8 2.7 + 0.27 110 + 12.0 0.23 + 0.05 17 + 0.69 7.4 + 1.6 
5 14 +4 2.3 + 0.06 94 + 5.2 0.34 + 0.05 11+ 1.1 3.2 + 0.57 
6 55 + 10 1.4 + 0.13 58 + 6.0 0.53 + 0.13 12 + 0.46 2.3 + 0.56 
7 85 +3 2.6 + 0.09 110 + 6.4 0.66 + 0.22 13 + 0.85 2.0 + 0.67 
P berghei 
3 trace 2.9 + 0.20 120 «= 0.10 0.14 + 0.02 7.6 + 2.3 5.5 + 1.8 
6 31 + 4.5 1.2 + 0.33 4R + 14 0.29 + 0.02 6.8 = 2.4 2.3 + 0.85 
7 46 + 4.5 0.80 + 0.06 33 + 2.9 0.54 + 0.06 45 + 1.8 €.3 + 0.98 
9 59 + 4.2 0.82 + 0.09 34 + 4.0 0.51 + 0.07 39 = 3.2 7.6 + 1.2 
10 37 + 2.9 0.65 + 0.04 27 + 2.1 0.77 + 0.03 37 +10 4.8 + 2.3 
14 55 + 2.4 0.95 + 0.04 39 + 2.5 0.61 + 0.04 35 = 3.0 5.8 + 0.62 


*All values are expressed as mean + SE. 
tND = Not Done 


Changes in the spleen. Splenomegaly has long been 
recognized as a characteristic response to malaria and other 
parasitic infections. The spleen in an infected animal! 
increases seven to ten times over normal spleen weights 
(Table 4). Histologic examination of the spleen during the 
height of the response indicated that the cellular contents 
were predominantly granulocytic and lymphocytic with dis- 
persed foci of erythroid elements. No histologic evidence of 
enhanced splenic erythropoiesis was apparent. The predomi- 
nant granulocytic and lymphocytic character of the spleen 
was maintained until death occurred in the mice infected 
with Pb or Pvv. In mice infected with Pca the cellular 
character of the spleen began to alter after resolution of the 





malaria, eventually returning to normal size and histologic 
appearances. 


DISCUSSION 


The data presented here together with the work of 
others'*!* demonstrate that ample amounts of functional 
erythropoietin are produced during infection with malaria. 
Indeed, during the later stages of infection with Pb, the EP 
plasma levels are not further increased by an hypoxic expo- 
sure, suggesting that the EP generating system is stimulated 
maximally (Table 1). Mice infected with Pvy and Pca are 
capable of responding to an additional hypoxic stimulus at or 


Table 3. The Six-Hour Uptake of “Fe in the Femoral Marrow and Spleen in Mice as a Function of 
Time After Inoculation with P chabaudi adami* 











% of Spleen % Ee 
Days Parasitemia % Fe Uninfected Weight 9% Eg per 0.10 
Postinoculation % 2 Femurs Femurs g Spleen Spleen 
Uninfected 0 2.4 + 0.12 100 + 7.0 0.11 + 0.01 10 + 0.63 9.2 + 1.0 
P chabaudi adami 
1 negative 2.8 + 0.21 120 + 11 0.98 + 0.01 5.1 + 0.64 6.3 + 1.1 
2 trace 2.8 + 0.13 120 + 7.8 0.07 + 0.01 47 +143 6.8 + 2.1 
3 trace 3.1 + 0.08 130 «+ 7.1 0.08 + 0.01 4.2 + 0.39 5.2 + 0.82 
4 1.5 + 0.22 1.9 + 0.20 77 + 9.0 0.18 + 0.01 12.0 + 1.2 6.6 « 0.74 
5 5.0 + 0.68 1.5 + 0.10 60 + 5.0 0.27 + 0.01 12.0 + 0.56 4.6 + 0.27 
6 13.0 + 1.6 0.87 + 0.07 36 + 3.4 0.44 + 0.01 13.0 + 1.5 2.9 + 0.35 
9 12.0 + 1.0 0.64 + 0.01 26 + 1.4 1.0 + 0.04 44.0 + 0.96 4.3 + 0.19 
17 trace 0.34 + 0.03 14+ 1.4 1.3 + 0.03 31.0 + 1.7 2.3 + 0.14 
12 trace 0.42 + 0.02 17 + 1.2 1.4 + 0.12 26.0 + 1.9 2.4 + 0.31 
13 negative 0.30 + 0.02 12 + 1.0 1.7 + 0.08 34.0 + 0.78 3.1 + 0.24 
19 negative 0.64 + 0.03 27 + 1.8 0.77 + 0.03 41.0 +4 1.3 5.3 + 0.27 
27 negative 2.1 + 0.10 85 + 5.8 0.31 + 0.01 16.0 + 0.9 


*Groups of six BALB/c female mice were injected IV with 0.50 uci FeCl. 


All values are expressed as mean + SE. 
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Fig 1. | Changes in parasitemia, hematocrit, femoral cellularity, 
and CFU-S populations following IV inoculation of Balb/c female 
mice with 1 x 10° Plasmodium vinckei vinckei-infected red cells. 


near the height of parasitemia. The reasons for the differ- 
ences between Pvv, Pca, and Pb in the stimulation of EP 
production require further investigation. In any case, these 
results suggest that the lack of an adequate erythropoietic 
response during malaria infection is probably due to a failure 
of the erythroid progenitor cells to respond te EP, or a 
decreased production of erythroid. progenitors, and/or a 
diminished production of multipotential stem cells. 

The changes in bone marrow content of mice during the 
course of infection with malaria show striking differences 
between the three species of parasites used in this study. 

Infection with the highly virulent murine malaria, Pvv, led 
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Fig2. Changes in parasitemia, hematocrit, femoral cellularity, 
and CFU-S populations following IV inoculation of Balb/c female 
mice with 1 x 10° Plasmodium berghei-intected red celis. 
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Fig3. Changes in parasitemia, hematocrit, femoral cellularity, 
and CFU-S populations following IV inoculation of Balb/c f gi 
mice with 1 x 10° Plasmodium chabaudi adami-infected red cells. 












to high parasitemias, low hematocrits, and death in seven 
nine days (Fig 1). Associated with these events is a rap 
declining total femoral cellularity dropping to less than. 
of normal at the time of death. Similarly, the stem cel 
content showed a parallel decline, dropping to 45% of the 
normal! level before death of the mice. 

The temporal pattern of cellular changes in the bone 
marrow of mice infected with Pb differed from both Pvy and 
Pca infections. Pb stimulated stem cell populations during 
the early phase of infection even though total bone marrow 
cellularity was declining. It is possible that the stimulation of 
bone marrow stem cells by Pb is related to its propensity for 
immature erythrocytes and its predilection for recycling in 
the bone marrow." 

Pb has a less rapid increase in parasitemia and reaches 
lower levels of parasitism than does Pyv. On the other hand, 
Pb eventually kills its host shortly after stem cell populations 
drop to less than 25% of normal. 

A substantial migration of CFU-S from bone marrow to 
spleen occurs during the early phase of the infection. How- 
ever, it is apparent from histologic and functional observa- 
tions that the spleen from an infected animal, enriched with 
stem cells, does not meet the erythropoietic and hemopoietic 
needs of the host. The data on six hours uptake of “Fe by 
bone marrow and spleen tissue during the course of infection 
with the three species of plasmodia indicated that the 
depressed erythropoietic capacity of marrow is paralleled by 
a similar depression in the spleen. The evidence for decreased 
erythropoietic capacity in both sites is apparent irrespective 
of the seven- to tenfold increase in spleen cellularity that is 
associated with malaria infection. One must conclude that at 
least during the first days of infection the enlarged spicen 


does not compensate for the lost erythropoietic capacity of = 





the bone marrow or, probably, other depressed hemopoietic i. 
functions. It has been recently reported that the depressed. 
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Table 4. Changes in Female Balb/c Mice After Inoculation with 1 x 10° Red Blood Cells infected with Murine Malaria 
Days Body Spleen 
Donor Post- Parasitemia Cells x 10°/ CFU-S/ CFU-S/ Hematocrit Weight Weight 
N inoculation %* Femur 10° BMC Femur* %* g* g* 
Uninfected controls 
16 me ~ 13.7 + 0.50 285 + 7.0 390C + 86 47 + 0.04 20.7 + 0.19 0.10 + 0.01 
P vinckei vinckei 
5 3 <1% 12.4 + 0.46 290 + 12 310C + 145 47 + 0.04 18.5 + 0.39 0.11 + 0.01 
4 4 5,2 + 1.2 10.5 + 1.2 324 + 18 340C + 145 47 + 0.04 39.3 + 0.35 0.30 + 0.02 
5 7 65 + 3.3 6.1 + 0.57 312 + 10 190C + 94 24 + 0.92 18.5 + 0.21 0.64 + 0.02 
P berghei 
4 5 8.3 + 2.6 9.9 + 0.76 473 + 20 470G + 190 48 + 0.65 20,2 + 0.55 0.25 + 0.01 
4 11 32 + 3.1 6.4 + 0.99 149 + 7.0 100C + 73 20 + 3.0 16.8 + 0.92 0.74 + 0.12 
5 14 55 + 5.6 8.6 + 0.63 105 + 7.0 90C + 63 24+ 1.0 13.8 + 0.23 0.65 + 0.08 
P chabaudi adami 
4 6 5.5 + 0.98 9.4 + 0.26 420 + 21 4000 + 194 40 + 1.4 20.0 + 0.48 0.41 + 0.01 
4 7 16.3 + 1.17 8.2 + 0.75 340 + 13 28006 + 93 36 + 2.5 21.5 + 0.29 0.68 + 0.12 
4 14 <1% 11.1 + 0.93 220 + 11 2406 + 155 39 + 1.9 22.0 + 0.91 1.10 + 0,03 
4 23 zero 13.8 + 0.70 315 + 21 4400 + 270 48 + 0.48 22.5 + 0.50 0.34 + 0.01 
*Mean + SE. 


BMC = Bone marrow cells. 


immunologic response in patients during infection and con- 
valescence was associated with a loss of T lymphocytes— 
both helper and suppressor T cell subsets—-from the periph- 
eral blood.” These findings of a loss of peripheral lympho- 
cytes may result from stem cell depletion and may represent 
a fundamental contributor to the pathology of malaria. 

Early studies on the mechanism of stem cell depletion 
suggest that a humoral substance is involved. A possible 
mechanism of action might be due to the effects of tumor 
necrosis factor (TNF), which is produced by macrophages 
during the processing of malaria antiger. It has been 
reported that TNF inhibits adipocyte gene expression?!” 
Adipocytes are a major cellular component of the adherent 
stromal bone marrow and provide an essential environment 
for renewal and differentiation of the nonadherent hemo- 
poietic stem cells. The inhibitory action of malaria-induced 
TNF might account for both the drop in total cellularity and 
the depletion of hemopoietic stem cells. 

The effect of a depleted hemopoietic stem cell population 
is of importance to the outcome of malaria infection. These 
multipotential stem cells are known to be the source of all 
blood cells, and their loss might reduce the host’s capacity to 
meet physiologic needs during stress of the disease. 
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Prevention of Platelet Alloimmunization in Dogs With Systemic Cyclosporine 
and by UV-Irradiation or Cyclosporine-Loading of Donor Platelets 


By Sherrill J. Slichter, H. Joachim Deeg, and Michael S. Kennedy 


To study the immunosuppressive effects of three different 
treatments, 30 dogs received at weekly intervals eight 
platelet transfusions from a single random donor dog. The 
three experimental protocols were (1) daily oral cyclospo- 
rine (Cs) treatment of recipients; (2) in vitro ultraviolet 
(UV)-irradiation of donor platelets; and (3) Cs-loading of 
donor platelets. All nine recipients of Cs, 11/12 (92%) 
recipients of UV-irradiated platelets, and 5/9 (56%) recip- 
ients of Cs-ioaded donor platelets remained nonimmunized 
to repeated transfusions of donor platelets. In contrast, 
only 3 of 21 untreated controls (14%) were not alloimmu- 
nized by donor platelets. Moreover, 44% to 67% of the 
nonimmunized recipients remained tolerant to continued 


O PREVENT or modify the immune response to trans- 
planted tissue, a number of immunosuppressive treat- 
ments have been developed, such as irradiation, chemothera- 
peutic regimens, polyclonal or monoclonal antibodies, and 
the use of cyclosporine (Cs).! 

A more recent approach is the modification of donor cells 
or tissues. Certain antigen-presenting cells such as macro- 
phages or dendritic cells are now known to be necessary for 
the donor’s tissue to be recognized by the recipient. Thus, 
several attempts have been made to eliminate or inactivate 
these cells.2* Reportedly, successful inactivation has been 
achieved by maintaining long-term cell or tissue cultures in a 
high concentration of oxygen,’ by using monoclonal antibod- 
ies (MoAbs) directed at Class H antigens (expressed on 
antigen-presenting cells),° and by exposing donor cells or 
tissue to ultraviolet (UV) light in the intermediate wave- 
length spectrum.’ 

Although there is substantial information on the value of 
these and other agents in organ transplantation, little is 
known about their ability to prevent immune recognition of 
repeatedly transfused cells. In particular, we are concerned 
about alloimmunization to transfused platelets, since it rep- 
resents a major problem in the management of thrombocy- 
topenic patients. Studies suggest that 40% to 100% of 
repeatedly transfused patients become alloimmunized, often 
after only a few transfusions.” We have previously used a 
dog platelet transfusion model to evaluate methods of pre- 
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platelet transfusions from their original donor even after 
experimental therapy was discontinued. Forty-three per- 
cent to 100% of transfusions from secondary donors were 
also accepted without causing alloimmunization, suggest- 
ing that tolerance induced by prior treatment was not 
specific for the primary donor. However, survival of both 
the original and secondary donor platelets was reduced to 
about half the starting level, suggesting that some immune 
response to platelets had occurred. Also, recipients immu- 
nized by their original donor's platelets frequently devel- 
oped refractoriness to platelets from other donors. 

@ 1987 by Grune & Stratton, inc. 


venting platelet alloimmunization'' (and unpublished data). 
This report describes further studies using this model to 
evaluate recipient treatment with Cs and UV-exposure or 
C's-loading of donor platelets as methods of preventing 
platelet alloimmunization. 


METHODS 


Selection of Donor and Recipient Dogs 


The dogs used for these experiments were of various breeds and of 
either sex. Dogs were vaccinated (DHL and parvo virus) and 
quarantined for one to two months to exclude any diseases. In 
addition, two or three autologous “'Cr-labeled platelet survival 
measurements (see below) were performed on each recipient dog to 
ensure baseline normal platelet kinetics before donor transfusions 
were initiated. 

During the course of the study, eight different dogs were used as 
donors for the 30 platelet transfusion recipients. All of the donors 
and most of the recipients were typed for serologically determined 
dog histocompatibility antigens (DLA-A and B)." In all instances 
tested, donors and recipients were incompatible for one or more 
DLA-antigens. In addition, for some studies mixed lymphocyte 
cultures were performed with cells obtained from donors and from 
recipients both pre- and posttransfusion.’? In all tested donor- 
recipient pairs, cells showed reciprocal stimulation both before and 
after the donor transfusions and experimental therapy. 


Survival of Radiochromium({*! Cr}-Labeled Platelets 


Platelets were prepared from the donor dog and labeled with 
radiochromium as previously described.'* Every week 50 mL of 
blood was drawn from each donor for each recipient into 7.5 mL of 
acid-citrate-dextrose (ACD). A platelet concentrate was prepared 
by differentia! centrifugation and labeled with 300 aCi of “'Cr. After 
infusion of these platelets, blood samples (3 mL blood drawn into 0.1 
mL potassium EDTA) were obtained at one hour, twice on the 
second day, and once daily during the third and fourth days. Survival 
was Calculated by least squares computerized-fitting of the radioac- 
tivity in the blood samples.'*’* Autologous platelet survival in 56 
normal dogs averaged 5.1 + 0.9 days (mean + 1 SD). 

Platelet recovery was calculated as follows by extending the 
survival curve to time zero (TO 
Radioactivity at TO x blood vol 

(estimated at 80 mL/kg) _ 


Recovery (%) = ——-------- 
” Total radioactivity of injected platelets 
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PREVENTION OF PLATELET ALLOIMMUNIZATION 


Autologous recovery in normal dogs was 51% + 12% (mean + 1 SD) 
of the injected platelets. 

Alloimmunization was defined as a decrease in the recovery of 
labeled donor platelets to <5% at 24 hours posttransfusion. One 
additional donor transfusion was given after the development of 
alloimmunization to confirm the accuracy of the end point. Thus, 
two serial donor platelet transfusions showing poor survivals were 
required to categorize a recipient as alloimmunized. 


Alloimmunization of Untreated Dogs 


Control values for induction of alloimmunization were determined 
by transfusing 21 recipient dogs with platelets from one of 11 donors. 
Twenty of 21 (95%) became immunized after an average of 3.1 + 0.7 
(range one to 12) transfusions'' (Fig 1). As 18/21 (86%) of these 
recipient controls were immunized by eight or fewer transfusions, an 
eight-week transfusion schedule was selected for the subsequent 
alloimmunization studies, ie, the treated dogs received platelets from 
their donor until alloimmunization developed or a maximum of eight 
transfusions had been given. 


Treatment Programs 


Systemic cyclosporine. Cyclosporine (Cs, Sandoz, Basel, Swit- 
zerland) was emulsified in corn oil” and administered orally in doses 
of 15 mg/kg/d. Treatment was started on the day of the first platelet 
transfusion and continued for up to eight weeks or until alloimmuni- 
zation occurred. To document absorption of drug and maintenance 
of adequate levels, Cs serum levels were monitored in two recipient 
dogs throughout their treatment using a radioimmunoassay (RIA), 
as previously described." Serum drug levels were obtained every 
three to five days as trough levels just before the next daily dose. For 
one dog the average trough levels were 105 + 68 (range 22 to 255) 
ng/mL and for the second dog 139 + 30 (range 108 to 192) ng/mL. 
Therapeutic Cs drug levels are considered to range between 100 to 
400 ng/mL. 

UV-exposed platelets. After radiochromium labeling, platelets 
were resuspended in a volume of 6 to 10 mL of Ringer’s-citrate- 
dextrose (RCD) and placed (to a depth of 1.5 mm) in an open Petri 
dish and continuously agitated on a shaker platform during UV 
exposure. UV irradiation was delivered by a mineral light lamp 
(UVP, San Gabriel, CA) providing wavelengths between 220 to 290 
nm. The dose delivered was determined by using a Black-Ray 
Ultra-violet Meter (Model J225, UVP) with a maximum sensitivity 
at 254 nm. After UV exposure the contents of the Petri dish were 
aspirated into a syringe for injection. 
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Fig1. Prevention of platelet alloirnmunization. Shown are the 
percentages of recipients who did not become immunized by eight 
platelet transfusions from a single unrelated donor while on 
treatment followed by eight transfusions from the same donor 
while off therapy. Data in treated dogs are compared to results in 
untreated control dogs. At the end of each transfusion sequence, 
the number of dogs not immunized to donor platelets is given as a 
fraction of the number of dogs studied. The treatment programs 
were (1) oral Cs given to the recipient; (2) UV irradiation of 
platelets; and (3) Cs toading of platelets. 
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Cyclosporine-loaded platelets. Radiochromium-labeled donor 
platelets, resuspended in 4.6 mL of RCD, were incubated for | hour 
at 22 °C with 55 wg /mL of Cs prepared by adding 0.25 mg (3 ul. of a 
50 mg/mL solution) of Cs in ethanol: Cremaphor (intravenous [TV] 
solution from Sandoz) to the platelets. Following incubation the 
platelets were injected IV, the recipients receiving only 0.25 mg of 
Cs per injection. Blood taken immediately and one hour after 
injection contained no measurable Cs. 

Uptake of Cs was assessed by measuring the platelet Cs content 
by high-pressure liquid chromatography and by using radiolabeled 
*H-cyclosporine provided by Dr Eric Wiskott of Sandoz. The 
amount of Cs incorporated was 6% to 12% of that added. There was 
no difference in Cs uptake in donor platelets between dogs who 
subsequently became immunized and those who did not. 


Further Transfusion Studies 


Any recipient not immunized by eight transfusions while receiving 
the experimental treatment was given an additional eight transfu- 
sions from the same donor while off treatment or until immunization 
developed, whichever occurred first. When the transfusion schedule 
from the original donor was completed, the recipient dogs then 
received transfusions from one to three additional donors (referred to 
as secondary donors) while off experimental treatment. Transtusiens 
were provided from the randomly selected secondary DLA-in i 
patible donors until immunization developed or until a maxisnum of 
eight transfusions were given. 





Statistical Analysis 


Mean values of experimental and control groups were compared 
by Student's ¢ test.” 


RESULTS 
Autologous Platelet Transfusions 


Recovery and survival measurements with experimental 
treatment. To ensure that treatment did not adversely 
affect the viability of transfused platelets, autologous platelet 
recovery and survival measurements were performed for 
each experimental treatment. Four dogs were given oral Cs 
during the transfusion of radiolabeled autologous platelets. 
Recoveries and survivals with this treatment were not signifi- 
cantly different from those in 56 untreated controls (P > 
0.10) (Table 1). 

Doses of UV irradiation given to autologous platelets were 
200, 400, or 600 W/cm? for one minute (total doses of 12, 
24, and 36 mJ/cm’, respectively). These doses did not affect 
autologous platelet survival (Table 1). However, in two dogs 


Table 1. Recovery and Survival of 
*CR-Labeled Autologous Platelets 


Platelet 
Nurnber of ee ee eae MANO ONE D E eT 
Treatment Dogs Tested Recovery (%)* Survival iDeys)* 
None 56 §f z 12 5,41 + 0.9 
Systemic Cs 4 58 +9 4.1 + 0.6 
UV-exposed platelets 14 52 +6 4,3 + 1.1 
Cs-loaded platelets 5 57 <6 49+ 1.3 


re ete I HE Ee NIEMAN RIEL N RBM EEDA HS 


*Given as the mean + 1 SD. 


By Student's t test, none of the treatment programs produced platelet 
recovery and survival measurements that were statistically different from = 


untreated controls. 
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that received 600 u W/cm’ for ten minutes (total dose of 360 
mJ/cm’), there was no recovery or survival of autologous 
platelets (data not shown}. Cyclosporine-loading in five dogs 
did not reduce platelet viability (Table 1). 


Allogeneic Platelet Transfusions 


Recipient treatment with oral cyclosporine. Of the nine 
recipients who received oral Cs therapy, none became immu- 
nized after eight transfusions from a single random donor 
(Fig 1). These results were significantly different from those 
in the 21 untreated control dogs (P < 0.001): only three of 
them (14%) remained unimmunized after eight transfusions. 
Furthermore, 6/9 recipients (67%) were still responsive to 
transfused platelets when Cs was stopped, even after eight 
additional transfusions from the same donor (P < 0.001, 
compared to controls), The other three recipients became 
immunized after four, five, and six additional donor transfu- 
sions given off treatment (Fig 1). 

Although zero time-recovery values for the original 
donor’s platelets in the nonimmunized recipients were within 
the normal range throughout the 16 transfusions (eight on 
and eight off treatment), donor platelet survivals were only 
2.2 + 0.5 days, ie, about half normal (Fig 2). 

UV exposure of donor platelets. Overall, 11/12 recip- 
ients (92%) of UV-exposed donor platelets (12 to 36 mJ / 
cm?) were protected from alloimmunization. These UV- 
exposed donor platelets produced a significantly lower rate of 
allormmunization than unmodified platelets given to control 
recipients (P < 0.001) (Fig 1). 

To determine if an effective dose of UV irradiation could 
be achieved through a blood bag, platelets from two donors 
were individually irradiated through a piece of plastic cut 
from a Fenwall platelet storage bag (PL 732, Fenwall 
Laboratories, Deerfield, HL) that was laid over the Petri dish 
containing the platelets. (As the UV penetrance through the 
plastic bag was poor with the available UV source, a maxi- 
mum dose of 100 «W/cm? could be obtained.) However, by 
irradiating at 100 aW /cm° for four minutes, the equivalent 
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Fig2. Viability of platelets in nonimmunized Cs-treated recip- 
ients. The upper part of the figure shows the mean recovery (+1 
SD) of donor platelets in the recipient on treatment (closed circles) 
and off treatment (open circles). The normal range (= 1 SD) for dog 
platelet recovery in 56 normal animals is shown as the hatched 
area. The lower panei shows the mean survival (+1 SD) of donor 
platelets in recipients on treatment (closed circles) and off treat- 
ment (open circles). The number of recipient animals who were 
not immunized by each transfusion is shown below each survival. 
The range of normal platelet survival (+1 SD) in dogs is shown as 
the hatched area. 
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of our standard dose of 400 uW jcm? for one minute was 
achieved, je, the total UV dose given to platelets by each of 
these exposures was 24 mJ/cm’. Two recipients received 
donor platelets irradiated through the plastic and, as con- 
trols, two others received the same donor’s platelets given the 
exact exposure (100 «4 W/cm’ for four minutes) without 
interposition of plastic; all four recipients were protected 
from alloimmunization (data included above). 

When transfusions from the original platelet donor were 
continued off treatment, three recipients became immunized 
after one, two, and five transfusions, respectively (Fig 1). 
Thus, 8/12 recipients (67%) were not immunized by a total 
of 16 transfusions, eight on and eight off treatment (P < 
0.001 compared to controls). 

The eight nonimmunized recipients were given platelets 
from two or three other donors until immunization occurred 
or a maximum of eight transfusions from each of these other 
donors had been given. Prior treatment prevented alloimmu- 
nization to platelets from 10/23 (43%) of the secondary 
donors tested (Table 2). However, compatible donors were 
found for only four (50%) of the nonimmunized recipients. 
After completion of these secondary donor transfusion stud- 
ies, six of the nonimmunized recipients were transfused with 
platelets from their original donor and two (33%) were 
immunized. 

Three of the four immunized recipients were each given 
platelets from one or two other donors; only 1/5 of the 
secondary donors’ platelets (20%) remained compatible dur- 
ing eight transfusions (Table 2). 

Recovery of UV-exposed donor platelets in the nonimmu- 
nized recipients was normal, but survival was reduced (Fig 
3). However, the survival of donor platelets off treatment 
(3.1 + 0.4 days) was somewhat better than on treatment 
{2.5 + 0.3 days). Recoveries from the secondary donors in 
the nonimmunized recipients averaged 42% + 10%, and 
survivals were 2.9 + 1.3 days. 

Cyclosporine-loaded donor platelets. Undesirable side 
effects of systemic Cs are sometimes observed in immuno- 
suppressed patients. We therefore evaluated the use of in 
vitro Cs-loaded donor platelets for preventing alloimmuniza- 
tion. Five of 9 (56%) of the recipients of Cs-loaded platelets 
did not become alloimmunized (Fig 1) (P < 0.05 compared 
to untreated controls). Furthermore, 4/9 or 44% remained 
nonimmunized to the original donor’s platelets even off 
treatment (P < 0.001). In addition, none of the three 
nonimmunized recipients tested were alloimmunized after 
receiving untreated platelets from either of two secondary 
donors (Table 2). 

In contrast to the data in the nonimmunized recipients, all 
three tested recipients who had become immunized to their 
original donors’ platelets also were alloimmunized after 
receiving fewer than eight transfusions of unmodified plate- 
lets from five secondary donors (Table 2). 

Recoveries of the original donor’s platelets in the recip- 
ients were within the normal range for both the treated and 
untreated transfusions while survivals were reduced (Fig 4). 
Recovery of the secondary donor’s platelets averaged 51% + 
14% in the nonimmunized recipients and survival was 3.0 + 
1.0 days. 
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Table 2. Response to Platelets From Secondary Donors 
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Refractory Recipients * 
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Treatment Given to Number of No. Nonrefractory 
Original Donor’s Recipients Secondary Donors/ Recipients Secondary Donors/ 
Piatelets Tasted No. Tested (%}+ Tested No. Tested (®t 
UV-exposed platelets 3 1/5 (20%) 8 10/23 (43%) 
Cs-loaded platelets 3 0/5 (0%) 3 6/6 (100%) 
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*in each treatment group, recipients refractory as well as nonrefractory to their original donor's platelets were transfused with platelets from other 


donors, referred to as secondary donors, while off treatment (see text). 


+The number of secondary donors to whom the recipients did not become refractory with eight transfusions is given compared to the number of 


secondary donors transfused. 


DISCUSSION 


Specific attempts to prevent platelet alloimmunization in 
chronically transfused thrombocytopenic patients, other 
than by using single donor platelets”’’ or leukocyte-free 
blood products,” have not been reported. Our studies have 
shown that both immunosuppression with systemic Cs and 
UV irradiation of donor platelets were almost uniformly 
successful (100% and 92%, respectively) in preventing 
alloimmunization to eight weekly platelet transfusions from 
a single random donor. These results are much better than 
the nonimmunized rate of only 14% in untreated controls 
(P < 0.001 for both treatments). Furthermore, almost two 
thirds of the nonimmunized previously treated recipients 
remained unimmunized after eight additional transfusions 
from the same donor, suggesting the induction of a tolerant 
state. To determine if this tolerance was specific for the 
original donor’s platelets, platelets from other random donors 
were transfused without treatment of the recipient or the 
donor's platelets. The number of Cs-treated recipients evalu- 
ated for such specificity was too small to permit a firm 
conclusion (data not given). However, among the recipients 
tolerant to eight UV-treated and eight nontreated platelet 
transfusions from their original donor, platelets from 43% of 
the secondary donors tested were also compatible. In addi- 
tion, there was some evidence that maintenance of this 
quasitolerant state required continuous transfusions of the 
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Fig 3. Viability of UV-exposed platelets in nonimmunized 
recipients. The upper part of the figure shows the mean recovery 
(+1 SD) of donor platelets. Transfusions given after UV exposure 
(on treatment) are shown as closed circles and normal transfu- 
sions (off treatment} as open circles. The normal range (+1 SD) for 
dog platelet recovery in 56 normal animals is shown as the hatched 
area. The lower pane! shows the mean survival (+1 SD) of donor 
platelets after UV exposure (closed circles) and without UV 
exposure (off treatment, open circles}. The number of recipient 
animais who were not immunized by each transfusion is shown 
below each survival. The range of normal platelet survival (+1 SD) 
in dogs is shown as the hatched area. 


presumed tolerizing antigen; interruption of the transfusion 
program for a period of months resulted in immunization by 
untreated transfusions from the primary donor in at least one 
third of the recipients tested. Similar observations have been 
made in other models of tolerance.” 

We were concerned about the substantial immunosuppres- 
sive effects of Cs on human subjects as well as its toxicity to 
liver and kidneys.” Therefore, in analogy to the use of 
vinblastine-loaded platelets in patients with autoimmune 
thrombocytopenic purpura, we evaluated the ability of 
Cs-loaded donor platelets to prevent immunization. 
Although 56% of the recipients were apparently unable to 
recognize Cs-loaded donor platelets, this treatment was 
inferior to that obtained with either systemic Cs or UV- 
irradiated donor platelets (P < 0.001). However, treatment 
with Cs-loaded donor platelets was very successful in induc- 
ing a state of tolerance not only to untreated platelets of the 
original donor but also to secondary donors. 

In summary, our studies show that some treatment pro- 
grams that prevent the rejection of organ allografts were 
successful in reducing the recognition of repeatedly trans- 
fused donor platelets in a canine transfusion model. Further- 
more, to some extent, these treatments induced a state of 
“nonspecific tolerance” that persisted even after discontin- 
uation of experimental therapy. However, maintenance of 
the tolerant state apparently required continuous exposure to 
the tolerizing antigen. Conversely, in those recipients who 
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Fig 4. Viability of Cs-loaded platelets in nonimmunized recip- 
ients. The upper part of the figure shows the mean recovery {+1 
SD) of donor platelets. Transfusions with Cs-loaded donor plate- 
lets are shown as closed circles and with normal platelets {off 
treatment} as open circles. The normal range for dog platelet 
recovery in 56 normal animals is shown as the hatched area. The 
lower panel shows the mean survival of Cs-loaded donor platelets 
{closed circles) and off treatment (open circles). The number of 
recipient animais who were not immunized by each transfusion is 
shown below each survival. The range of normal platelet survival 
in dogs is shown as the hatched area. 
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became immunized by the original donor’s platelets either on 
or off therapy, alloimmunization usually also developed in 
response to untreated platelets from other donors. 

We also found that the survival of allogeneic donor 
platelets in every treatment program was consistently 
reduced as compared to similarly treated autologous plate- 
lets. Therefore, we conclude that some degree of alloimmuni- 
zation to donor platelets probably occurred in recipients who 
were by definition considered to be nonimmunized. However, 
as autologous platelet survivals on treatment were only 
performed on one occasion, we cannot exclude the possibility 
that there was some cumulative effect of the treatment on 
donor platelet survival measurements. The recovery of plate- 
lets from both the original and secondary donors in the 
nonimmunized recipients was not compromised, and platelet 
survival remained about half normal; therefore, useful trans- 
fusion support was achieved by this approach. Furthermore, 
previous studies using in vitro platelet aggregation tests, have 
shown that human platelets maintain normal function after 
UV exposure” or Cs loading.” Although the applicability of 
our results to man has not been tested, we believe these 
studies provide a sufficient basis to consider human experi- 
ments. 
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Expression of Two Natural Killer Cell Antigens, H-25 and H-366, by Human 
Immature Myeloid Cells and by Erythroid and Granulocytic/Monocytic 
Colony-Forming Units 


By David Wisniewski, Robert Knowles, Maria Wachter, Annabel Strife, and Bayard Clarkson 


Two monoclonal antibodies (MoAbs), H-25 and H~366, 
shown previously to react with human peripheral blood 
large granular lymphocytes with natural killer (NK) cell 
activity and some peripheral blood monocytes, have now 
been shown to also react with a significant proportion of 
the myeloid and erythroid precursor celis in human bone 
marrow and peripheral blood. In FACS IV cell sorting and 
immune rosetting of bone marrow cells, the antigens 
recognized by H-25 and H-366 were found to be expressed 
on most biasts and promyelocytes but sequentially fewer 
of the more mature cells of the myeloid lineage. Both 
antigens were also found on most monocytes but only a 
minor proportion of lymphoid and nucleated red cells in the 
bone. marrow. in vitro assays detecting hematopoietic 
colony-forming units revealed that these antigens are 
expressed by virtually all mature erythroid colony-forming 
units (day-7 CFU-E), and the majority of the more primitive 


N VITRO semisolid culture techniques have facilitated 
numerous studies on the regulation of hematopoiesis at 
the progenitor cell level. While it is clear from these studies!” 
that proliferation and differentiation of hematopoietic pro- 
genitor cells are mediated by accessory cell factors and 
humoral factors, further understanding of the molecular 
mechanisms involved requires the purification of progenitor 
cells as well as the regulatory factors acting on them. 

Recently our laboratory has been pursuing the purifica- 
tion of hematopoietic progenitor cells and has described a 
negative selection method for substantially enriching CFU! 
GM and BFU-E from normal human peripheral blood.*° 
Using this method, B lymphocytes, monocytes, and certain 
high affinity F, receptor-bearing cells are depleted from 
mononuclear cells by immunoadherence to plastic plates 
coated with rabbit antihuman IgG. Cells not attached to 
these plates are subsequently depleted of T lymphocytes by 
coating with the pan-T murine monoclonal antibody LyT-3 
before their removal by immunoadherence to plastic plates 
coated with goat antimouse IgG. The final “null” cell 
fraction is highly enriched for CFU-GM and BFU-E. 

More recently, in attempts to further purify these progeni- 
tor cells, we sought to remove contaminating natural killer 
(NK) cells (non-T, non-B cells that display spontaneous 
cytotoxic activity against a variety of normal, neoplastic, or 
virus-infected cells“) from the null cell fraction using two 
previously described NK cell reactive monoclonal antibod- 
ies.’ Both of these antibodies, designated H~25 and H-366, 
have previously been shown to react with peripheral blood 
NK cells and monocytes but do not react with Leu-1 positive 
T lymphocytes, B 'ymphocytes, granulocytes, red blood cells, 
or platelets. 

Preliminary immunoadherence experiments with the null 
cell fraction after reaction with these monoclonal antibodies 
(MoAbs) suggested, however, that antibody H-—25 was cross- 
reactive with CFU-GM and BFU-E, while antibody H-366 
was crossreactive with BFU-E. These preliminary observa- 
tions prompted us to examine in more detail the expression of 
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erythroid burst forming units (day-14 BFU-E). H-25 but not 
H-366 was also found on a variable proportion of the day-7 
and day-14 granulocytic/monocytic colony-forming units 
(CFU-GM) in the bone marrow. The same type of precursor 
cells are also found in the H-25 and H-366 positive ceil 
populations isolated from peripheral blood. in preliminary 
testing of cells from acute leukemic patients, FACS analy- 
sis showed that both antigens are also expressed on 
leukemic cells from patients with T cell acute lymphocytic 
leukemia and with myeloid leukemias. These studies dem- 
onstrate that the H-25 and H-366 positive NK cells in the 
peripheral blood retain some of the cell surface properties 
of early hematopoietic precursor cells, thus providing fur- 
ther evidence supporting the bone marrow origin of NK 
cells. 

1987 by Grune & Stratton, Inc. 


antigens detected by H-25 and H-366 by hematopoietic 
progenitor cells from both normal bone marrow and periph- 
eral blood. Thus, H-25 and H-366 antigen positive (+) and 
negative (—) cell fractions were obtained by FACS IV 
sorting and immune rosetting methods. Cell fractions were 
examined morphologically and also assayed for erythroid 
and granulocytic/monocytic colony-forming units using well 
established in vitro semisolid culture techniques. In addition, 
cells from some fresh acute leukemic samples as well as some 
established human cell lines were examined for H-25 and 
H-—366 antigen expression by FACS. The results of these 
studies are the subject of the present report. 


MATERIALS AND METHODS 


Monoclonal antibodies. Production and characterization of 
monoclonal antibodies (MoAbs} H-25 and H-366 have been previ- 
ously described in detail.’ Briefly, spleen cells from Balb/c mice 
immunized with the T cell acute lymphocytic cell line HSB-2 were 


of Kohler and Milstein. Two hybrid clones (H-25 and H~366) were 
found to produce antibodies that bound to the parent HSB-2 cells 
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but not to human B cell lines. Both hybrids were subsequently 
passaged as ascites tumors in pristane primed Balb/c mice. 

Further characterization of both antibodies revealed similar tissue 
distribution. Thus, H-25 and H—366 were found tn indirect immuno- 
fluorescence assays to react with a subset of peripheral blood 
mononuclear cells (MNC) that have the morphological characteris- 
tics of large granular lymphocytes (LGLs) and, furthermore, that 
contain most of the NK and K cell activity. Both antibodies were also 
found to react with a variable number of peripheral blood mono- 
cytes, a significant proportion of thymocytes (obtained from infant 
thymuses), but neither antibody was reactive with Leu-| + F 
lymphocytes, B lymphocytes, granulocytes, red blood cells, or plate- 
lets. In a radioimmune trace-binding assay, H~25 and H~-366 were 
found to react with all T cell lines tested and with the monocytic cell 
line (937 but weakly or not at all with cell lines of B, myeloid, or 


igG,, subclass specific, respectively, immunoprecipitate two poly- 
peptide chains of apparent molecular weights of 96 and 53 kilodal- 
tons from surface labeled HSB-2 cells, H-25 bringing down the 
former band and H~—366 the latter. 

In some of the experiments described below, MoAbs MO-1, 
MY-4, MY-8, N901, B—1 (kindly supplied as ascitic fluids by Dr 
James Griffin, Harvard Medical School, Cambridge, MA), Leu—1, 
Leu-—4 (kindly provided as culture supernatants by Dr Robert Evans, 
Sloan-Kettering Institute, New York), and Leu--7 (Becton Dickin- 
son, Mountain View, CA) were used. The production and character- 
ization of these MoAbs have been previously described in detail. 
Anti-MO-1, which recognizes an antigenic determinant associated 
with the CR3 receptor, is found on monocytes, granulocytes, and 
approximately 80% of NK cells.* B-l identifies a 35,000 molecular 
weight antigen found specifically on cells of B lineage.” MY-4 and 
MY-8 antigens are expressed by monocytes, and MY-8 is addition- 
ally expressed by cells of the granulocytic series.'® Leu-1 and Leu—4 
are pan-T cell antigens.'''? Anti- N90] detects an antigen, present at 
low density, on all NK cells and no other subpopulation of peripheral 
blood cells.'? Anti-Leu—7 is an LGL specific antibody that reacts 
with approximately 50% to 90% of NK cells." 

Source of cells. Heparinized, venous human peripheral blood 
(50 to 100 mL) was obtained from healthy volunteers. Human 
posterior iliac-crest bone marrow was obtained from normal volun- 
teers by aspiration into preservative-free, heparin-containing 
syringes. Peripheral blood (10 to 20 mL) was additionally collected 
from these donors as a source of autologous serum. Written, 
informed consent was always given by the donors. 

Human acute leukemia cells. Cells were obtained from the bone 
marrow and peripheral blood of seven patients with acute 
myelogenous leukemia (AML), two patients with T cell acute 
lymphocytic leukemia (T-ALL), and two patients with pre-B Calla’ 
{common acute lymphoblastic leukemia antigen) acute lymphoblas- 
tic leukemia (pre-B, ALL). Standard clinical, morphological, and 
cytochemical criteria were used to establish the diagnosis in each 
case, and the diagnosis was confirmed by surface marker analysis 
using a panel of MoAbs. AML patients were subclassified according 
to the FAB (French-American-British) classification system as 
AML (M2), acute myeloblastic leukemia with maturation (three 
patients); APL (M3), acute promyelocytic leukemia (two patients); 
AMOL (MSA), acute monocytic leukemia without maturation (one 
patient); and AMOL (MS5B), acute monocytic leukemia with matu- 
ration (one patient). 

Cell lines. Established human cell lines were grown in RPMI 
1640 (GIBCO, Grand Island, NY) containing 15% fetal calf serum 
(FCS) (Hy-Clone, Logan, UT) and 1% penicillin-streptomycin- 
neomycin (PSN). Their origins are listed in Table 1. 

Cell preparation from normal bone marrow and peripheral 
blood. Normal bone marrow cells were harvested after centrifuga- 
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tion of the aspirates at 1,000 RPM for ten minutes and suspended in 
McCoy’s 5A modified medium (GIBCO) containing 10% fetal calf 
serum (PCS) (hereafter referred to as complete medium). Platelets 
were removed from the cell suspension by centrifugation on a Percoll 
(Pharmacia, Piscataway, NJ) density solution (d = 1.050g/mL) for 
20 minutes at 2,000 RPM. At this density platelets remain at the 
interface while all nucleated cells are pelleted. After washing the 
pelleted cells once and resuspending in complete medium, light- 
density bone marrow cells were obtained by centrifugation over 
Ficoll-Hypaque (Pharmacia, d = 1.077g/mL). Light-density cells, 
harvested at the interface, were washed twice, resuspended in 
complete medium, and incubated (37 °C, 5% CQ,) in plastic plates 
for one hour to remove adherent cells. The resulting light-density, 
nonadherent bone marrow cells were washed once, resuspended in 
McCoy's 5A medium containing 10% autologous serum (to mini- 
mize F, receptor binding of antibodies in the immunofluorescence 
and immune rosetting procedures described below), and kept on ice 
until further use. 

Peripheral blood MNC were obtained by centrifugation of diluted 
blood over Ficoll-Hypaque. After collecting the interface cells and 
washing twice, the majority of monocytes were depleted by adher- 
ence to plastic plates as described above. Nonadherent cells were 
collected, washed once, resuspended in McCoy’s SA medium con- 
taining 10% autologous plasma, and kept on ice. 

Preparation of leukemic cells. Leukemie bone marrow and 
peripheral blood samples were diluted with complete medium and 
centrifuged over Percoll (d = 1.050g/mL) to remove platelets. 
Light-density cells, which were then obtained by Ficoll-Hypaque, 
were washed twice, resuspended in McCoy's SA medium containing 
10% autologous plasma, and kept on ice until further use. Cytospin 
preparations of the light-density cells were prepared in a Shandon- 
Elliot cytospin and stained with May-Grunwald-Giemsa, and differ- 
ential counts were performed on 500 cells. Greater than 85% of the 
light-density cells were blasts in all acute leukemic samples studied. 

Cell separation by FACS IV. Normal bone marrow and periph- 
eral blood nonadherent, light-density cells (15 to 30 x 10°), obtained 
as described, were incubated with previously determined saturating 
amounts of different monoclonal antibodies for 30 minutes on ice. 
Control cells (which were used to determine background fluores- 
cence) were incubated with purified mouse IgG {containing all 
subclasses, Coulter Immunology, Hialeah, FL) except in those 
experiments where antibody Leu-7 (isotype IgM) was used, in 
which case control cells were incubated with purified mouse IgM 
(Coulter). After washing twice the cells were stained with fluores- 
cein isothyocyanate (FITC)-conjugated F(ab’), fragments of goat 
antimouse IgG (Cappel, Malvern, PA) or a purified FITC-labeled 
antibody against total mouse immunoglobulins (Coulter) when 
Leu-7 was the incubating antibody. After labeling, the cells were 
washed twice, resuspended in McCoy's 5A medium containing 5% 
FCS and 25mmol/L Hepes buffer, and kept on ice, away from light, 
until FACS IV analysis. Following analysis cells were sorted under 
sterile conditions into antigen positive (fluorescent cells above con- 
trol background cells) and negative cell fractions. In some experi- 
ments an intermediate fraction consisting of weakly positive staining 
cells was also collected. To facilitate the separation of antigen 
positive and negative cells, fluorescence analysis and sorting were 
performed on a logarithmic scale. Sorted cell fractions were washed 
twice and resuspended in complete medium for functional analyses 
(described below) and cytocentrifuge smears. 

Cell separation by immune rosetting. Normal bone marrow and 
peripheral blood light-density, nonadherent ceils were incubated 
with different MoAbs as described above. After washing twice, the 
cells were resuspended in McCoy’s 5A medium containing 10% 
autologous serum (or plasma) to a cell concentration of 15 x 10° 
cells/mL and mixed with 1 mL of a 2% solution of bovine red blood 
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Table 1. Expression of H~25 and H~366 Antigens by Human Cell Lines 
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% Reactivity * 
Cell Lines Celi Type Reference H-25 H~366 
HSB-2 T Cell lymphoblastic 15 98 g8 
u937 Monocytic 16 97 96 
KG-1 Myeloblastic 17 73 25 
Hi -60 Promyelocytic 18 80 0 
SK-DHL-2 B Celi Lymphoma (CALLA +} 19 31 0 
SK-BU- 1~Bt(8;14)~ 1 B Cell Lymphoma (CALLA*) 20 29 0 
SK-BU-1-BN-1 EBV-transformed B cell (CALLA } 20 O 0 
SK-CML7-BN ~ 7 EBV-transtormed B cell {CALLA} 21 0 Q 
SK-CML-7-Bt9,22)-33¢tf EBV-transformed B cell (CALLA } 21 0 ($, 





*Cell lines were reacted with antibodies H-25 and H-366 separately, stained with FITC-conjugated F(ab’), fragments of goat antimouse ig, and 


analyzed by FACS. 


mmaa wasn ner paneer parm mannanna: 





+SK-CML-7~-Bt(9;22)-33 contains the 9q;22q translocation (Philadelphia “PH? chromosome}. CALLA = Common acute lymphoblastic leukemia 


antigen. EBV = Epstein-Barr virus. 


cells (Hazleton, Denver, PA) coated with affinity purified goat 
antimouse IgG (Boehringer Mannheim, Indianapolis, IN} by CrCL, 
linkage.” After centrifugation the tubes were placed on ice for 30 
minutes, at which time the pelleted cells were resuspended and 
rosetted, and nonrosetted cells were separated by centrifugation on a 
Percoll density solution {d = 1.080g/mL). Nonrosetted cells recov- 
ered at the interface and rosetted cells from the pellet (after lysis of 
indicator bovine RBCs with Tris buffered NH,C1l) were washed 
twice and resuspended in complete medium. Efficiency of the 
immune rosette technique was tested by FACS IV analysis of the 
nonrosetting cell fractions from peripheral blood. In all cases less 
than 2% contamination of antigen positive cells were found in the 
nonrosetting cell fractions regardless of the MoAb used. 

Immunofluorescence (FACS IV} analysis of cells from human 
leukemic samples and cell lines. Light-density cells obtained from 
the bone marrow and/or peripheral blood of fresh acute leukemic 
samples as well as established human cell lines were analyzed for 
H-25 and H-366 antigen expression by indirect immunofluores- 
cence (FACS IV) as described above. The percentage of “positive” 
cells was calculated by a computer procedure that subtracts the 
control (background) fluorescence from that of the experimental 
sample. 

Identification of peripheral blood monocytes. Monocytes were 
identified in the peripheral blood cell fractions obtained by FACS IV 
sorting and immune rosetting by morphological and histochemical 
(alpha-naphthyl acetate esterase staining kit, Sigma, St. Louis) 
analysis of cytocentrifuge smears. The percentage of esterase posi- 
tive cells was determined by counting 500 cells under oil immersion 
microscopy. 

Progenitor cell assays. Nonadherent, light-density unseparated 
cells from normal bone marrow and peripheral blood as well as the 
cell fractions obtained by sorting and immune rosetting were 
cultured essentially as previously described.’ Briefly, for CFU-E and 
BFU-E, cell cultures consisted of 1 mL of Iscove’s modified Dulbec- 
co’s medium (IMDM, GIBCO) containing 25% FCS, 0.8% deion- 
ized bovine serum albumin, 10% Mo-T cell line-conditioned 
medium," 10°4M 2-mercaptoethanol, | unit of partially purified 
human urinary erythropoietin (Ep, Toyobo, New York), and meth- 
yicellulose at a final concentration of 1.3%. Triplicate cultures were 
incubated in a humidified atmosphere of 5% CO, in air. Day 7 
aggregates consisting of greater than eight cells of unequivocally red 
color were counted as | CFU-E. Day 14 red cell aggregates of 
greater than 50 cells were scored as 1 BFU-E. Peripheral blood 
erythroid colonies were counted on day 14 only. 

The granulocytic/monocytic colony-forming unit (CFU-GM) 
assay was done exactly as described above for CFU-E and BFU-E, 


except that erythropoietin was replaced by an equal volume of 
IMDM. Aggregates consisting of greater than eight cells were 
counted on days 7 and 14. Peripheral blood CFU-GM were enumer- 
ated on day 14 only. All colony counts were done using an inverted 
microscope at magnification of 125X. 

Calculation of percentage recovery of colonies for each cell 
fraction obtained by FACS IV and immune rosetting. Total colony 
recovery for a given type was determined by summing the colonies 
recovered in each fraction. The number of colonies recovered in each 
fraction was then expressed as a percentage of the total colonies 
recovered. 


RESULTS 


Expression of antigens H-25 and H-366 by normal 
peripheral biood large granular lymphocytes {LGLs}. in 
three preliminary experiments using the method of indirect 
immune rosetting, LGLs (where NK cells are known to 
reside’) were obtained from normal peripheral blood nonad- 
herent MNC by simultaneous immune rosette depletion of T 
lymphocytes, B lymphocytes, and residual monocytes after 
reaction with monoclonal antibodies Leu-i, Leu-4, B--1, 
MY-~-4, and MY-8. The resulting nonrosetting cell popula- 
tion when examined morphologically consisted predomi- 
nantly of cells with a slightly indented nucleus and abundant 
cytoplasm containing azurophilic granules (morphological 
characteristics ascribed to LGLs**) with <5% alpha-naph- 
thyl acetate esterase positive cells. Figure | shows represen- 
tative FACS IV immunofluorescence profiles of the LGL- 
enriched cell population obtained after reaction with MoAbs 
H-25 and H~366 and for comparative purposes with NIO, 
MO-1, and Leu—7, which are also known to react with the 
majority of LGLs. It can be seen that both H-25 and H-366 
antigens are expressed by the LGL-enriched population, 
although H-25 antigen density is more heterogeneous and 
considerably higher than H-366 on a substantial number of 
LGLs. In comparison to N901, H-25 and H-366 antigen 
densities were considerably higher on many of these cells, 
while the expression of antigen MO-I appeared similar to 
H-366. Leu--7 antigen, like H~25, also displayed broad 
heterogeneity; however, in contrast to antigens H-25, H- 
366, MO-I, and N901, which were expressed by approxi- 
mately 85% of the LGL-enriched population, Leu—? antigen 
was expressed by approximately 50%. 
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Fig 1. Expression of antigens H-25 and H-366 by LGLs and 
comparison with antigens N901, MO-1, and Leu-7. LGLs were 
obtained from peripheral blood by negative selection whereby T 
lymphocytes, B lymphocytes, and residual monocytes were simul- 
taneously depleted from nonadherent MNC by indirect immune 
rosetting using MoAbs Leu-1, Leu-4, B-1, MY~4, and MY-8. 
FACS IV histograms shown here were obtained by indirect immu- 
nofluorescence staining after reacting LGLs with each indicated 
MoAb separately and analyzing 10,000 cells. Background fluores- 
cence staining (control) was obtained by incubating cells with 
purified mouse IgG (containing all subclasses} or purified mouse 
igM {when Leu-7 was the incubating antibody). Note that the 
number of celis in the LGL enriched cell population reacting with 
MoAbs B-1, Leu—1, and Leu-4 was <2%, indicating that B and T 
lymphocytes were efficiently depleted by the immune rosette 
technique. 


FACS IV analysis and sorting of normal bone marrow 
cells using MoAbs H-25 and H-366. Figure 2 shows 
representative FACS IV immunofluorescence profiles, 
before and after sorting, of nonadherent, light-density nor- 
mal bone marrow cells after reaction with MoAbs H-25 
(eight experiments) and H--366 (six experiments). Before 
sorting, it could be seen that there was a small proportion of 
bone marrow cells that were positive over background for 
both antibodies, H-25 being much more pronounced than 
H--366. Since there was no distinct peak of antigen positive 
cells for either antibody, a window of cells between 30 to 50 
channels (representing an average of 29% and 11% of the 
H-25 and H-366 antibody-treated cells, respectively) was 
routinely discarded to minimize overlap between antigen 
positive and antigen negative cells. In eight experiments, 
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before sorting, there was a mean of 15% (+11%) H-25* and 
T% (2%) H-366° cells. After sorting, FACS IV re-analysis 
of the H-25* and H~366* cell fractions showed a mean 


marrow cells, Differential counts obtained from May- 
Grunwald-Giemsa-stained cytocentrifuge smears of H-25*, 


in Table 2 along with the percent recovery of each of the cell 
types listed. Blasts, promyelocytes, and monocytes were 
significantly enriched in the H-25* cell fraction. Based on 
the total number of cells recovered (sum of the H~25* and 
H—-25~ cell fractions), a mean of 76% (+ 18%), 88% (417%), 
and 92% (+16%) of the blasts, promyelocytes, and mono- 
cytes respectively were recovered in the H~25* cell fraction. 
Of the total number of myelocytes, metamyelocytes, and 
bands (and neutrophils) recovered, 26% (+31%), 17% 
(+33%), and 14% (+29%) respectively were found in the 
H-25* cell fraction. These results suggest that antigen H-25 
is more strongly expressed by blasts and promyelocytes and 
sequentially diminishes through myeloid maturation beyond 
the promyelocyte stage. H~25* cells also included minor 
proportions of lymphoid (mean = 13% + 6%) and nucleated 
red cells (mean = 18% + 15%). Similarly, blasts, promyelo- 
cytes, and monocytes were enriched in the H-366* cell 
fraction; however, the percent recoveries of these three cell 
types (54% + 20%, 36% + 36%, 67% + 27%) were lower than 
that found in the H~25* cell fraction. In contrast to the 
H-25* cell fraction, essentially all of the myelocytes, meta- 
myelocytes, bands, and neutrophils recovered from sorting 
with antibody H-366 were found in the H~366° cell fraction. 
Similar to H~25* cells, H-366* cells also included small 
numbers of lymphoid (mean = 11% + 5%) and nucleated red 
cells (mean = 26% + 23%). 

Expression of H-25 and H-366 antigens by hemato- 
poietic progenitor cells fram normal bone marrow and 
peripheral blood. H~25*, H-25”, H-366*, and H-366° 
sorted bone marrow cell fractions were assayed for erythroid 
and granulocytic colony-forming units and the results are 
given in Table 3. For antibody H—25 in the bone marrow of 
eight individuals tested, a significant but widely variable 
proportion of day 7 (39% + 28%) and day 14 (67% + 37%) 
CFU-GM were sorted into the H-25* cell fraction. In 
contrast, a mean of 99% (-0.7%) of the CFU-E and 86% 
(+17%) of the BFU-E were found in the H-25* cell fraction, 
suggesting that the expression of antigen H--25 is higher on 
erythroid progenitor cells (particularly CFU-E) than on 
granulocytic/monocytic progenitor cells. It should also be 
noted that while the percent recoveries of CFU-E and 
BFU-E were similar to the average total cell recovery (43%) 
in the sorting experiments with antibody H-25, recoveries of 
day 7 and day 14 CFU-GM were generally about 65% of the 
expected value. 

For antibody H-366 in the bone marrow of six individuals 
tested, a mean of 97% (+ 3%) of the CFU-E and 46% (+ 20%) 
of the BFU-E were sorted into the H-366* cell fraction. In 
contrast, essentially all of the day 7 and day 14 CFU-GM 
were found in the H-366° cell fraction, suggesting that the 
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gens H-25 and H-366 by normal bone marrow $ AS i AFTER SORT MEIRA i AFTER SORT 
cells. Nonadherent. light-density bone marrow $5 i 
cells were separately reacted with MoAbs H-25 7 4, tesa ices h onina 
and H-366 and separated into H-25* and H-25 Z if e 
and H-366* and H-366` cell fractions using the €< | 
FACS IV cell sorter (Becton Dickinson}. Results are 2 i ' 


expressed as FACS histograms on a log fluores- y 


cence scale with 10,000 cells analyzed. Reanalysis j $ 
of the sorted celis showed that the purity of the | A 
H-25 and H-366° cell fractions were >98% pure, i 


while the H-25° and H-366° cell fractions were F i 
>85% pure. Cells from each fraction were then / 
analyzed for morphology and colony assays (see 
Tables 2 and 3). 


expression of antigen H-366, similar to antigen H—25, is 
relatively high on CFU-E and a significant number of 
BFU-E but in contrast to H—25 is significantly lower or not 
expressed by either day 7 or day 14 CFU-GM. The average 
recoveries of all four types of progenitor cells in the sorting 
experiments with antibody H-366 were similar to the aver- 
age total cell recovery (54%). 

For comparative purposes, MoAbs Mo~1 and Leu-7 were 
also reacted with normal bone marrow cells, sorted into 
Mo-1*, Mo-I~, Leu-7*, and Leu-7~ cell fractions and 
assayed for hematopoietic progenitor ceils. The results, also 
given in Table 3, show that antigens Mo—1 and Leu-7 are not 
expressed by either erythroid or granulocytic/monocytic 





colony-forming units. It should also be noted that, in contrast 
to the morphological cell profiles seen in the H-25* and 
H-366* cell fractions (Table 2), neither the Leu-7* nor the 
Mo-1* cell fractions were enriched for blasts or promyelo- 
cytes. Rather, Leu-7* cells consisted of »90% lymphoid- 
appearing cells, while Mo~1* cells contained >90% mature 
myeloid cells (myelocytes —> neutrophils). 

As stated above, a wide variability of day 7 and day 14 
CFU-GM were found in the H-25* sorted cell fractions, 
suggesting that the expression of antigen H-25 on CFU-GM 
is low. To test this, three experiments were done whereby 
bone marrow cells were reacted with antibody H~25 and 
sorted into antigen negative (—), weakly positive (+ /~—)} and 


Table 2. Cell Differentials of Bone Marrow Cell Fractions Obtained by (FACS IV} Cell Sorting 
With H-25 and H-366 Monocional Antibodies* 
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Band/ Nucleated 
Cell Fraction Blasts Pro Myel Meta Neutrophil Lymph Mono Erythrocytes 
Unseparated 3+ 2t Zil 18 +8 14 2+5 24 + 13 24 + 10 3 tz i225 
H-25 Positive 1646 8+4 Ti+ 10 6 +5 8+ 15 27 + 12 11+6 10+ 5 
(76 + 18)+ (88 + 17) (26 + 31) {17 + 33) {14 + 29) {13 + 6) {92 + 16) (18 + 15) 
H-25 Negative Tei 0.2 + 0.3 8:6 10+6 23 + 16 41+ 16 0.4 + 17 16 +8 
(24 + 18) {42 + 17) (74 + 31) {83 + 33) {86 + 29) (87 + 6) i8 + 16) (82 + 15) 
N=8 
Unseparated 3+1 221 t8 +7 1745 25 + 10 24 + 10 3+3 7g 
H-366 Positive 23 4 11 4+4 6+ 3 4 +43 9+6 28 +4 14271 1746 
(54 + 20) (36 + 36) {3 + 2) (2 + 1) (5 + 5) {11 + 5) {67 + 27} (26 + 23) 
H-366 Negative 21 2+1 15 +6 17 +6 26 + 72 32 + 14 11 6:5 
{46 + 20) {64 + 36) (97 + 2) (98 + 1) {95 + 5} (89 + 5) (33 + 27} (74 + 23) 





N= 6 


[Ante ett ree ttt ar SNE ene te e eea 


*Nonadherent, light-density normal bone marrow cells were separated into H-25 positive, H--366 positive, H~25 negative, and H- 366 negative cell 
fractions by FACS iV cell sorting. Cytocentrifuge smears were stained with May-Grunwaid-Giemsa, and 500 cells were counted. 

{Values represent the mean % (+ 1 SD) of 500 celis counted for N experiments. 

{Values represent the mean % (+ 1 SD) of the total respective cell types recovered after sorting. 

N = number of axperiments. 

Pro, promyelocyte: Myel, myelocyte: Meta, metamyelocytes; mono, monocytes. 
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Table 3. Analysis of Bone Marrow Cell Fractions (Obtained by FACS IV Celi Sorting) for Hematopoietic Colony-Forming Cells* 


Erythroid colonies 5 x 10‘ cells 











Granulocytic/monocytic (CFU-GM) catonies/5 x 10° cells 


MA pirtin annA ANE NAOT Tr TT RA SEAR Sth Mh NAA Me REN tra ahaa mung yn mi iiinn Ramp Rife 


Ceil Fraction CFU-E BFU-E Day 7 Dey 14 
Unseparated 77 + 11t 29 +9 194 + 62 39 <1 
H~25 Positive 498 + 362 190 + 248 196 + 163 93 + 85 

{99 + 0.7)} (86 + 17} {39 + 28} {67 + 37) 
H-25 Negative 122 5 47 97 + 80 13 + 18 
(07) (13 + 17} {67 + 28) {33 + 37) 
N= 8 
Unseparated 63 + 16 27 + 13 189 + 60 45+ 14 
H-366 Positive 984 + 584 242 + 360 30 + 17 15 + 12 
(97 + 3) (46 + 20} (1.5 + 0.6) {2 + 1) 
H-~366 Negative 4+3 19 + 17 183 + 83 54 + 26 
(3 + 3) (54 + 20} (98 + 0.6) {98 + 1} 
N= 6 
Unseparated 64 + 10 26 +3 168 + 45 35 + 18 
Mo- 1 Positive 3+1 t21 7+1 2 +20.3 
(2 + 1) {2 + 2) (3 + 1) (3 + 1) 
Mo-1 Negative 160 + 65 63 + 18 329 + 47 8144 
{97 + 1) (97 + 2} (97 + 1) (97 + 1) 
N= 2 
Unseparated 81+ 2 23 47 191 + 52 32 +3 
Leu- 7 Positive 3+3 222 9+ 10 5 +6 
(0.3 + 0.1) (0.7 + 0.4) (0.6 + 0.6) {1+ 1) 
Leu-7 Negative 52+ 11 17+ 4 131 + 35 27 +9 
(99 + 1) (99 + 1} (99 + 1) (99 + 1} 


N= 2 


praana, 





*Cell fractions were obtained (after reaction of light-density, nonadherent bone marrow cells with each MoAb separately) by FACS iV cell sorting. 


+ Value represents the mean number (+ 1 SD) of colonies per 5 x 10‘ cells for N experiments. 
¢Value represents the mean % (+ 1 SD) of the total number of colonies recovered after sorting for N experiments. 


N = number of experiments. 


positive (+) cell fractions. Figure 3 shows representative 
FACS IV profiles before and after sorting. Cell differentials 
and the results of progenitor cells assays done on the various 
cell fractions are given in Table 4 and Fig 4 respectively. 
Again it is seen that the majority of blasts and promyelocytes 
were sorted into the H-25* cell fraction along with minor 
percentages of myelocytes, metamyelocytes, bands, and neu- 
trophils. In contrast, the H~25 (4+ /-—) cell fraction con- 
tained minor proportions of blasts and promyelocytes, while 
substantial numbers of myelocytes, metamyelocytes, bands, 
and neutrophils were recovered in this fraction. These results 
again suggest that the expression of antigen H-25 by 
myeloid cells is inversely related to the state of maturation 
and therefore is more highly expressed on the more immature 
blasts and promyelocytes. For the progenitor cell assays an 
average of 58% (+10%) of day 7 and 53% (+15%) of day 14 
CFU-GM were recovered in the H~25 (+/—) cell fraction 
with lower proportions of both types of granulocytic progeni- 
tor cells being found in the H~25* and H-25S~ cell fractions. 
In contrast, virtually all the CFU-E were in the H-25* cell 
fraction, and the great majority of BFU-E also expressed the 
H-25 antigen (69% + 7% were in the H~25* cell fraction 
and 23% + 5% in the H~25 (4+ /—) cell fraction). These 
results again suggest that the expression of antigen H—25 by 
erythroid progenitor cells is high, while the expression by the 
majority of day 7 and day 14 CFU-GM is relatively low. 
Normal peripheral blood CFU-GM and BFU-E, both of 
which are generally considered to be more primitive than the 
majority of bone marrow erythroid and granulocytic /mono- 


cytic colony-forming units” were also examined for the 


expression of antigens H-25 and H~366. For three separate 
sorting experiments (results shown in Fig 5), a mean of 86% 
(+5%) ard 39% (+13%) of peripheral blood BFU-E and 
CFU-GM respectively, were recovered in the H-25* cell 
fraction while 39% (+22%) of the BFU-E and only 3% 
(+3%) of the CFU-GM were sorted into the H-366°* cell 
fraction. Thus, the number of peripheral blood CFU-GM 
and BFU-E that express antigens H~25 and H-366 appears 
similar to the number found on normal bone marrow BFU-E 
and 14-day CFU-GM. 

Morphological and alpha-naphthyl acetate esterase analy- 
sis of the sorted peripheral blood cell fractions showed that 
both H-25* and H-366* cells consisted predominantly of 
LGLs and a small number of contaminating monocytes 
(<9%), while H-25~ and H-366™ cells were composed of 
typical small- and medium-sized lymphocytes and <1% 
monocytes. 

The results obtained in the FACS IV experiments were 
confirmed by studies using the method of immune rosetting 
to separate normal bone marrow and peripheral blood. Thus, 
for three separate bone marrow experiments (Fig 6), a mean 
of 99% (+ 2%) of the CFU-E and 83% ( + 20%) of the BFU-E 
were found in the H-25* immune-rosetted cell fraction, 
while an average of 39% (+27%) and 77% (+21%) of day-7 
and day-14 CFU-GM respectively were recovered in this 
fraction. For antibody H-366, 96% (+7%), 68% (+41%), 5% 
(+2%), and 25% (+6%) of the CFU-E, BFU-E, day-7 and 
day-14 CFU-GM respectively were recovered in the H~366* 
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Fig 3. Expression of H-25 antigen by normal bone marrow 
celis. Nonadherent. light-density bone marrow cells were reacted 
with H-25 MoAb and separated into the 13% most brightly 
fluorescent H-25 positive cells (H-25°}, 27% of the least fluores- 
cent H-25 positive cells (H~25*'~). and H-25 negative (H-25 ) cell 
fractions. After sorting. 10,000 cells from each fraction were 
re-analyzed, and the results here are expressed as FACS histo- 
grams. Cell fractions were then analyzed for morphology and 
colony assays {see Table 4 and Fig 4 respectively). 


immune-rosetted cell fraction. For peripheral blood (n = 3, 
Fig 7), 94% (43%) of the BFU-E and 74% (+14%) of the 
CFU-GM were found in the H~25* cell fraction while 42% 
(+23%) and 6% (+2%) of the BFU-E and CFU-GM respec- 
tively were H~366*. Thus the results obtained by immune 
rosetting were similar to the FACS IV results with the 
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Fig 4. Separation of bone marrow hematopoietic colony- 
forming celis using MoAb H-25 and FACS IV. Nonadherent, 
light-density bone marrow cells after reacting with antibody H-25 
were separated into H-25 (+). H~25 (+/-—~), and H-25 (--} cell 
fractions by FACS IV (see Table 4) and the fractions assayed for 
hematopoietic colony-forming units. For three separate experi- 
ments, H-25 (+) cells were selected as the 13% {+7%) most 
brightly fluorescent cells, while H-25 (+ /--) celis included the 
27% {+10%) least fluorescent cells. Bars and vertical lines rapre- 
sent the mean % (+1 SD) of the total number of colonies recovered 
after sorting. The number of colonies per 5 x 10° unseparated 
nucleated bone marrow cells were 80 + 16 CFU-E, 33 + 20 BFU-E, 
179 + 40 day-7 CFU-GM, and 35 = 11 day-14 CFU-GM. 


exception that a considerably higher number of bone marrow 
day-14 CFU-GM were found to be H-366° by immune 
rosetting. Figures 6 and 7 also show that MoAbs Mo-~1! and 
B-1. which served as controls in the immune rosetting 
experiments, do not react with either normal bone marrow or 
peripheral blood hematopoietic colony-forming units. 
Expression of antigens H-25 and H-366 on acute leu- 
kemic cells. In light of the FACS IV and immune rosetting 
studies with normal bone marrow showing that antigens 
H-25 and H-366 are expressed by a substantial number of 
immature myeloid cells, it was of interest to examine the 
expression of these antigens on fresh leukemic cells. As 
shown in Table 5, the blast cells from all patients with AML 
studied were H-25* and H-366*, antigen H~25 generally 
being expressed by a higher number of these blasts. It should 
be noted that in all these AML patients, the peaks of the 
fluorescence-intensity profiles obtained with anti-H~366 
were noticeably less than those obtained with anti-H-23, 
indicating that the density of antigen H-25 is higher than 
antigen H~366 on a substantial number of these blast cells. 
This observation is similar to what was found for peripheral 
blood LGLs (Fig 1), where the density of antigen H-25 was 
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Band/ ated 
Ceil Fraction Blasts Pro Myel Meta Neutrophil Lymph Mono Erythrocytes 
Unseparated 3 + 3t 3+2 1224 12 4 24 + 22 34 + 18 2+ 2 1} 1 
H-25 Positive (+) 18+7 9:2 13 +9 8+6 725 29 + 10 8+3 6+3 
(67 + 16)t¢ (72 + 17) {27 + 38) {18 + 26) (6 + 6) {10 + 3) {49 + 21) (6 + 5) 
H-25 Weakly 222 1+ 0.2 222 20 +7 18 + 10 20 + 14 221 14:93 
Positive (+/—-) (18 + 4) (25 + 12) (48 + 25) {47 + 26) (43 + 39) {13 + 3) {40 + 17} 129 + 17) 
H~25 Negative (~) 0.7 + 0.7 0.007 + 0.1 5 +6 7x8 23 + 22 50 + 35 0.4 + 0.4 ies 
{15 + 18) i3 + 6) {25 + 30) (35 + 40) {52 + 46) (77 + 5) {11 + 13} (65 + 22) 
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a a i S 
*Nonadherent, light-density normal bone marrow cells were separated by FACS IV into H-25 positive (+ (+), H-25 weakly positive (+ / -h and H-25 


negative { 


—} cells, Cell differentials were obtained from May-Grunwald-Giemsa stained cytocentrifuge smears. 


+ Values represent the mean % (+ 1 SD) of 500 cells counted for three separate experiments. 
tValues represent the mean % (+ 1 SD) of the total respective cell types recovered for three experiments. See legend to Table 2 for description of cok 


types listed. 
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Fig 5. FACS IV separation of peripheral blood hematopoietic 
colony-forming cells using MoAbs H-25 and H-366. FACS IV- 
sorted cell fractions were obtained after reaction of nonadherent, 
light-density peripheral blood MNC with MoAbs H-25 and H-366 
separately. Bars and vertical lines represent the mean % (+1 SD) 
of the total number of colonies recovered after sorting for three 
separate experiments. The number of colonies per 3 x 10° 
unseparated MNC were 39 + 18 BFU-E and 11 + 8 CFU-GM. 


also found to be higher than H-366 on peripheral blood 
LGLs and also for normal bone marrow (Table 2) where a 
higher number of blasts were found to be H~25*, 

Both antigens were also expressed by the blast cells from 
two patients with T-ALL; however, in both cases antigens 
H-25 and H-366 were equally expressed. In one pre-B, 
Calla” ALL patient, 60% and 34% of the blasts were positive 
for H-25 and H--366 respectively. Finally, in another pre-B, 
Calla” ALL patient, 25% and 14% of the cells were H-25* 
and H-366* respectively. It must be emphasized, however, 


H--366 positive cells were weakly fluorescent. 

Expression of H-25 and H~-366 antigens on human cell 
lines. Table | gives the results obtained by testing some 
human cell lines for reactivity with antibodies H-25 and 
H~366. The parent T-ALL cell line, HSB--2, and the mono- 
cytic cell line, U937 were both strongly reactive (95%) with 
H-25 and H-366. Furthermore, both antigens were found to 
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Fig 6. Separation of bone marrow hematopoietic colony- 
forming cells using MoAbs and immune rosetting. Nonadherent, 
light-density bone marrow cells, after separately reacting with 
MoAbs H-25, H-366, Mo-1, and B-1, were separated into antigen 
positive and negative cell fractions by indirect immune rosetting 
using bovine RBC coated with goat antimouse IgG. Bars and 
vertical lines represent the mean % {+1 SD) of the total number of 
colonies recovered after rosetting. The number of experiments 
are given in parentheses. For these experiments the average 
percent recoveries of colony-forming cells were similar to the 
average total cell recovery (74%). The number of colonies per 5 x 
10* unseparated bone marrow celis were 88 + 25 CFU-E, 44 + 14 
BFU-E, 210 + 116 day-7 CFU-GM and 37 + 18 day-14 CFU-GM. 
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Fig 7. Separation of peripheral blood hematopoietic colony- 
forming celis using MoAbs and immune rosetting. Nonadherent, 
light-density peripheral blood MNC were reacted with MoAbs 
H-25, H-366, Mo-1, and B-1 separately and separated into 
antigen positive and negative cell fractions by indirect immune 
rosetting. Bars and vertical lines represent the mean % (+1 SD) of 
the total number of colonies recovered after rosetting. The 
number of experiments are given in parentheses. The average 
percent recoveries of CFU-GM and BFU-E were similar to the 
average total cell recovery (78%). The number of colonies per 3 x 
10° unseparated MNC were 53 + 17 BFU-E and 12 - 2 CFU-GM. 


be equally expressed by these two cell lines. Both the 
myeloblastic cell line, KG--1, and the promyelocytic cell line, 
HL-60, were H-25*; however, the density of antigen H--25 
was lower on KG—1 and HL-60 cells than on HSB--2 and 
937 cells. In addition, while KG—1 cells contained 25% of 
weakly staining H~-366* cells, the HL~—60 cell line did not 
express this antigen. Of the B cell lines tested, all Calla”, 
Epstein-Barr virus (EBV)-transformed B cell lines (includ- 
ing one that contained the Philadelphia [Ph'}] chromo- 


while the two human B cell lymphoma cell lines, SK-DHL—2 
and SK-BU-—1-Bt(8;14)—1), both of which are Calla’ and 


Table 5. FACS IV Analysis of Cells From Acute Leukemic 
Patients With H-25 and H-36€ Monoclonal Antibodies 


% Reactivity* 


H- 26 


Patient Diagnosist (FAB Classification} H-366 
Ss AML {M2} 66 42 
EM AML (M2) 67 28 
HR AML. {MzZ) 94 89 
CM APL (M3) B4 81 
CH APL (M3) 84 64 
GA AMOL (M5A} 46 23 
JD AMOL (M58) 54 50 
cc T-ALL 88 89 
MB T-ALL 65 56 
JV Pre-B, ALL 25 14 
BDM Pre-B, ALL 60 34 


snaherinmrenianemmam hein EAA en Ae (TATA naa nA Atte RAT ATE AAAA HM I ree rarer as RASH UME A aihn raaa 


*Light-density bone marrow or peripheral blood cells from leukemic 
patients were reacted with antibodies H-25 and H~366 separately, 
washed, stained with FITC-conjugated Fiab’), fragments of goat anti- 
mouse IgG, and analyzed by FACS IV. >85% of the light-density cells 
were blasts (determined by May-Grunwald-Giemsa stair morphology) in 
all cases. 

TAML, acute myelogenous leukemia; APL, acute promyelocytic leuke- 
mia; AMOL, acute monocytic leukemia; T-ALL, T cell acute lymphocytic 
ieukemia. 
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contain the (8:14) translocation, ™®? each contained 


approximately 30% of weakly fluorescent H-25* cells. 


DISCUSSION 


In the present studies we have confirmed the previous 
observations of Bai et al’ showing that antigens H-25 and 
H-366 are expressed by human NK cells and have extended 
these observations to also show that both these antigens are 
additionally expressed by normal human bone marrow 
immature cells of the myeloid series. These cells included the 
majority of blasts and promyelocytes, with sequentially 
fewer of the more mature cells of the myeloid series. Both 
antigens were also found on the majority of bone marrow 
monocytes, which is consistent with previous studies’ demon- 
strating that they are expressed by a substantial number of 
peripheral blood monocytes. 

Of particular interest in the results reported herein was 
our observation of the distribution of antigens H-25 and 
H-366 on erythroid and granulocytic/monocytic colony- 
forming units. H~25 was found to be expressed by all bone 
marrow CFU-E and the majority of the more primitive 
BFU-E from both bone marrow and peripheral blood. CFU- 
GM expression of antigen H-25, on the other hand, was 
more variable, with significant numbers of both day-7 and 
day-14 CFU-GM being found both in the positive and 
negative fractions. The results of the cell-sorting experiments 
in Fig 4 suggest that this variability may be due to low 
antigen expression, since substantial numbers of both day-7 
and day-14 CFU-GM were sorted into an H-25 weakly 
positive cell fraction. A significant number of CFU-GM 
from peripheral blood was also found to be H~25*; however, 
the cell-sorting method detected fewer than that found by 
immune rosetting. This disparity again may be explained by 
the fact that in the sorting experiments a window of cells, 
which were routinely gated out to minimize overlap between 
antigen positive and antigen negative cells, may include a 
proportion of H-25 weakly positive CFU-GM that can be 
detected by the method of immune rosetting. 

Similar to H-25, we also found antigen H-366 to be 
expressed by virtually all bone marrow CFU-E, but, in 
contrast to H~25, antigen H-366 was found on a lower 
number (approximately 50%) of BFU-E from both bone 
marrow and peripheral blood. Also in contrast to antigen 
H--25, H-366 was not expressed by any significant number 
of CFU-GM from either bone marrow or peripheral blood. 

In testing a variety of human cell lines as well as fresh 
blast cells from a limited number of leukemic patients in the 
present studies, our results (Tables | and 5) indicate that 
antigens H-25 and H-366 are expressed both in T-ALL and 
myeloid leukemias; however, it should be noted that the 
promyelocytic cell line, HL-60, while being H~25~, did not 
express the H-366 antigen. The absence of the latter antigen 
on HL-60 cells is an interesting observation, since we did 
find H~366 to be expressed by a significant number (mean = 
36%, Table 2) of promyelocytes from normal bone marrow. 
It may be that the more differentiated H~-366 antigen 
negative promyelocytes (since H-366 antigen is found on 
some promyelocytes but not on myelocytes, Table 2) repre- 
sent the normal counterpart to HL--60 promyelocytic cells. 
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With regard to their weak expression by only those B cell 
lines that are Calla~ (Table 1) as well as being weakly 
expressed on a proportion of fresh blast cells from two 
Calla”, Pre-B ALL patients (Table 5), these results, taken 
together, suggest that antigen H-25 (and possibly H-366) 
may also be weakly expressed on immature B cells having a 
Calla* phenotype: however, a more extensive number of B 
cell lines as well as patients with hematologic malignancies of 
B cell origin will have to be tested to confirm this. 

Recently several other MoAbs that react with many or all 
NK cells have been described. To date these include Leu~7,"* 
N901,° Mo-1 B73.1,°° Leu-11,° Lyt-3, 3A~-1, and 
OKT10.* However, the previously reported characterization 
of antigens H-25 and H-366 with regard to their respective 
molecular weight and cellular distribution indicates that 
MoAbs H-25 and H-366 are distinct from these other 
reported antibodies.’ Moreover, the results reported in the 
present studies further indicate that antigens H-25 and 
H-366 are of particular interest since they were found to be 
additionally expressed on a significant number of bone 
marrow immature myeloid cells, including hematopoietic 
colony-forming units (particularly CFU-E and BFU-E). Of 
these other NK cell-reacting MoAbs mentioned above, only 
OKT10 has been found to react with hematopoietic precur- 
sor cells. Thus, Sieff et al,” in cell-sorting experiments, have 
shown the OKT10 antigen to be expressed by the majority of 
bone marrow BFU-E, a proportion of CFU-E, and CFU- 
GM, as well as myeloblasts, promyelocytes, and some myelo- 
cytes. It was also shown to be expressed by >-95% thymocytes 
and bone marrow TdT* cells. 

Thus, while OKT1IO (similar to H-25 and H-366) is 
expressed by LGLs, immature myeloid cells, and thymo- 
cytes, it can be distinguished from H-25 and H-366, since 
the OKT10 antigen has been reported to have a molecular 
weight of 45 kilodaltons,” whereas H-25 and H-366 anti- 
gens have molecular weights of 96 kilodaltons and 53 kilodal- 
tons respectively.’ 

Since fresh peripheral blood NK cells as well as in 
vitro-established cloned NK cell lines” express several cell 
surface antigens that are also found on thymocytes, T cells 
(T11, T8), and cells of myeloid lineage (Mo~1, B73.1), their 
origin and developmental lineage is still controversial, Our 
observations that antigens H-25 and H—366 are expressed by 
all three types of cells confirm the uncertainty of NK. cell 
lineage. However, the present finding that antigens H~25 
and H-366 are also expressed by bone marrow myeloid 
precursor cells provides additional evidence’**”’ that circulat- 
ing NK cells, like other lymphoid and myeloid cells, are bone 
marrow derived. 

Although the functional roles that antigens H-25 and 
H-366 have on NK cells are presently unknown, previous 
studies’ have shown that neither antibody blocks NK or K 
cell activity. With regard to their presence on bone marrow 
immature myeloid cells, their patterns of expression make it 
conceivable that they may be involved in proliferation and _ 
differentiation events. It is well known, for example, that 
both monocytes and NK cells exert a regulatory role on the 
proliferation and differentiation of hematopoietic progenitor — 
cells 38 and, since both monocytes and NK cells express 
both antigens, it is possible that antigens H-25 and H~-366 
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may mediate a complex network of cell-cell interactions 
between monocytes, NK cells, and hematopoietic precursor 
cells. Experiments to test this hypothesis are currently in 
progress in our laboratory. 

Finally, with appropriate purification strategies, MoAbs 
H-25 and H-366 may prove to be very useful reagents for 
isolating immature myeloid bone marrow cells to study 
hematopoietic cell proliferation and differentiation once 
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mature NK cells and monocytes have been depleted using 
other readily available anti- NK and antimonocyte reagents. 
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A Monoclonal Antibody Detecting a Novel Antigen Expressed in the 
HTLV-I-Infected Cells 


Fumiyo Tsubai, Yuziro Namba, Michiaki Kohno, Shuichi Hanada, Makoto Matsumoto, 
Mikihiro Shamoto, and Masao Hanaoka 


A monoclonal antibody, FTF 148, was prepared by hybridiz- 
ing murine myeloma! cells (NS-1) and spleen celis of 
BALB/c mice immunized with cultured cells derived from 
an adult T cell leukemia (ATL) patient (KUT-2 cells). This 
monocional antibody reacted with all of the human T cell 
leukemia virus | (HTLV-I)-infected cell lines tested but did 
not react with other T cell lines derived from acute 
lymphocytic leukemia, Epstein-Barr virus—transformed B 
cell lines, or an erythroleukemic cell line. This monoclonal 
antibody was not directed to viral antigens because it 
reacted equally well with almost all KUT-2 and MT-1 cells, 
only 1% to 3% of which were ATL-associated antigen- 


DULT T CELL LEUKEMIA (ATL) is a particular 
type of T cell malignancy first reported by Takatsuki et 
al.'* Clinical features of ATL include high white cell counts, 
frequent skin lesions, hepatosplenomegaly, lymphoadenopa- 
thy, and a rapidly fatal terminal course. The human type C 
retrovirus human T cell leukemia virus I (HTLV-I) was first 
isolated from cultured T cells derived from a patient with a 
cutaneous T cell lymphoma (mycosis fungoides) and subse- 
quently isolated from cell lines derived from ATL patients.” 
Seroepidemiological and molecular biologic analyses sug- 
gested that HTLV-I is associated with ATL and plays a 
causative role in the leukemogenesis of ATL.° However, 
studies revealed that this virus does not have cell-derived 
oncogenes and the integration site varies from one patient to 
another.*’ Therefore, the mechanism of leukemogenesis by 
HTLV-I still remains to be elucidated. The HTLV-I genome 
has been shown to carry the Xs gene, and its products (Px) 
enhance the transcription of its own long terminal repeat? 
This protein might also activate cellular gene expression, and 
this activation might be associated with T cell tranforma- 
tion. 
To identify the cellular gene product necessary to main- 
tain the proliferation of ATL cells, we tried to obtain 
monoclonal antibodies that react specifically with ATL- 
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positive. in contrast to interleukin 2 receptors expressed 
on both ATL cells and normal phytohemagglutinin-stimu- 
lated blasts, this antigen was not expressed on the latter 
cells. The antigen, mainly expressed on the cell membrane, 
was analyzed by metabolic labeling with “H-teucine and 
surface labeling with '*°I followed by cell lysis and immuno- 
precipitation with the FTF 148 antibody. The findings 
obtained by sodium dodecyl sulfate—polyacrylamide gel 
electrophoresis revealed that p50 and p74 proteins were 
specifically precipitated and the antigen was also different 
from the product of the Xs gene cf HTLV-I. 

® 1987 by Grune & Stratton, Inc. 


derived cells irrespective of the production of HTLV-I[ virus. 
We obtained a monoclonal antibody, FTF 148, for this 
purpose. The antigen detected with this monoclonal antibody 
proved to be different from the interleukin 2 (IL 2) receptor, 
the la-like antigen, viral antigens and the Xs gene product. 
We report the specificity of the monoclonal antibody 
together with some characterization of the new antigen. 


MATERIALS AND METHODS 


Cells. The HTLV-I-infected cell lines KUT- and KUT-2 were 
established from the peripheral blood lymphocytes (PBL) of ATL 
patients by cultivation in RPMI 1646 medium supplemented with 
10% human cord serum.'' UW-4 is the IL 2~dependent cell line 
derived from PBL of an ATL patient. Three T cell lines (MT-I, 
MT-2, and HUT-102) and three B cell lines derived from ATL 
patients (KUT-3, ATL-B-1, and ATL-B-2) were also used as 
HTLV-I-infected cell lines. Five cell lines (MT-1, MT-2, KUT-1, 
KUT-2, and HUT-102) were cloned lines. The integration of the 
proviral DNA was confirmed in many cell lines (MT-I, MT-2, 
KUT-1, KUT-2, KUT-3, and HUT-102). As negative-control target 
cells we used three T cell lines derived from acute lymphocytic 
leukemia (CCRF-CEM, HSB-2, and MOLT-4), two Epstein-Barr 
virus (EBV )-transformed B cell lines, another B cell line (Raji), and 
the K-562 cell line. In some experiments, PBL from healthy adults 
were separated with Ficoll-Paque and the cells were cultured with 
phytohemagglutinin-P (PHA-P) or with concanavalin A (Con A) (2 
pg/mL) for 48 hours and were used as negative-control target cells. 
These cells were cultured in RPMI 1640 medium supplemented with 
10% fetal calf serum (FCS) and antibiotics. This medium is referred 
to as RPMI complete medium. 

Preparation of monoclonal antibodies. BALB/c mice were 
immunized twice at l-week intervals by intraperitoneal (IP) injec- 
tions of 1.0 x 10’ KUT-2 cells followed by a booster immunization 
with the same dose of KUT-2 cells using the same route. Four days 
after the last immunization, the mice were sacrificed, and their 
spleen cells (1 x 10° cells) were fused with mouse myeloma cells 
(NS-1, 2 x 107 cells) using 45% polyethylene glycol 4000 (Merck, 
Darmstadt, West Germany). The cells were seeded in 96-well 
flat-bottomed tissue culture plates (No. 25860, Corning Glass 
Works, Corning, NY) at a concentration of 1.0 x 10° spleen cells per 
well with normal spleen cells from BALB/c mice (3 x 10° cells/ 
well) as feeder cells. The cells. were cultured in RPMI complete 
medium supplemented with hypoxanthine (100 wmol/L), thymidine 
(16 pmol/L} and aminopterin (0.1 mol/L}, and approximately 
1,200 hybridoma clones were established. The clones that reacted 
specifically with the ATL-derwed cell line were selected by the 
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following screening program. In the first screening step, the culture 
supernatants (CS) of hybridoma clones that reacted with the 
majority of acetone-fixed KUT-2 cells were selected by an indirect 
immunofluorescence method. In the next step, the CS reactive with 
either EBV-transformed B cells or PHA- stimulated PBL were 
eliminated. In the third step, the CS reactive with PBL from an ATL 
patient cultured for four hours were selected. In the last screening 
step, the CS reactive with non-ATL T cell lines (HSB-2, CEM, and 
MOLT-4) were eiminated. Two hybridoma clones were selected by 
this screening program (FTF 148 and FTG 193). Although these 
clones were prepared independently, the staining patterns of the 
ATL-derived cell lines under indirect immunofluorescence were 
almost identical. The findings obtained using FTF 148 are reported 
here. 

immunoelectron microscopic studies. The cultured cells were 
harvested and washed three times. with Dulbecco's phosphate- 
buffered saline (PBS) containing bovine serum albumin (BSA) (100 
ng/mL). The cells were pelleted by centrifugation and fixed in 
periodate-lysine-paraformaldchyde (PLP) according to the method 
of Mclean and Nakane.” After a two-hour fixation at 4 °C, the 
pellets were washed with PBS containing 10% sucrose and further 
washed with an increasing series of sucrose in PBS. Finally they were 
placed in PBS containing 20% sucrose and 10% glycerol. The fixed 
cells were embedded in an OTC compound (Miles Laboratories, 
Naperville, IN) and frozen in liquid nitrogen. Ten-micrometer-thick 
frozen sections were placed on slides, overlayed with diluted mono- 
clonal antibody (2,000-fold diluted ascites), and incubated in a 
humidified chamber at room temperature for two hours. Then the 
sections were reacted with biotinylated horse antimouse IgG for two 
hours followed by incubation with both an avidin-biotinylated perox- 
idase complex and a peroxidase~mouse antiperoxidase complex for 
two hours at room temperature. The sections were then fixed in 2% 
glutaraldehyde for ten minutes at room temperature, washed with 
PBS, and incubated with 3,3'-diaminobenzidine tetrahydrochloride 
(DAB) and hydrogen peroxide. After postfixation in OsO, for one to 
two hours, they were dehydrated in a graded series of alcohol every 
five to ten minutes and embedded in inverted gelatin capsules filled 
with epoxy resin. The sections were cut on an LKB Ultratome 
(Stockholm) with a diamond knife. The ultrathin sections were 
stained with uranyl acetate and lead citrate. Both stained and 
unstained sections were examined with a JEM 100 CX electron 
microscope (Jeol, Inc, Peabody, MA). 

Radioactive labeling and immunoprecipitation. KUT-2 cells 
were labeled by two independent methods: cell surface antigen was 
labeled with '%] by the lactoperoxidase method,’’ and proteins were 
metabolically labeled with *H-leucine for 16 hours (10 aCi/mL in 
leucine-free RPMI 1640 medium supplemented with 10% FCS). 
The labeled cells (1 x 10’ cells) were washed three times with PBS 
and then treated for ten minutes at 4 °C with 2 mL of lysis buffer (50 
mmol/L Tris-HCl, pH 8.0; 100 mmol/L NaCl, 0,5% sodium 
deoxycholate). The lysates were sonicated and were cleared by 
centrifugation at 7,000 g for 30 minutes at 4 °C. The samples (200 
ul.) were incubated with 6 ug IgG of FTF 148 or with normal mouse 
IgG (50 gL) for four hours at 4 °C and for another two hours with 
120 weg IgG of rabbit antimouse Ig (120 uL). They were further 
incubated with 200 uL of a 40% suspension of protein A-Sepharose 
4B for 30 minutes at 4 °C, and the gel was washed twice with the 
lysis buffer, twice with PBS containing 0.1% BSA and further 
washed twice with BSA-free PBS. The immunoprecipitates were 
suspended in 200 uL of the electrophoresis sample buffer (0.0625 
mol/L Tris-HCI, pH 6.8; 2.3% sodium dodecyl sulfate [SDS]; 5% 
2-mercaptoethanol) and heated at 50°C for two hours. After 
centrifugation, the supernatants (30 nL) were introduced into the 
slots of analytic SDS—polyacrylamide gel and separated at a con- 
stant voltage (100 V). After electrophoresis, the gels were stained 
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and processed for autoradiography ('"I surface label) and fluorogra- 
phy (*H-leucine metabolic label). 

Immunofluoresence assay. For the assay of the reactivity of the 
FTF 148 antibody, an indirect immunofluorescence method was 
used. The smeared target cells were fixed with cold acetone 
{ --20 °C) for five minutes and incubated in a moisture chamber for 
30 minutes at room temperature with CS or Ig partially purified 
from the ascites of mice that had been injected with the hybridoma 
cells. The slides were washed three times with PBS containing BSA 
(100 ng/mL) and incubated for 30 minutes with fluorescein isothio- 
cyanate (FITC)-conjugated lg of rabbit antimouse Ig absorbed with 
human Ig conjugated to Sepharose 4B and human spleen acetone 
powder. After two washings with PBS containing BSA, the slides 
were again washed twice with BSA-free PBS and mounted in 95% 
glycerin. In some experiments viable cells were stained by the same 
procedure, washed as before, suspended in Dulbecco's PBS and 
observed under a fluorescence microscope. 

Partial purification of lgG from ascites. The cloned hybridoma 
cells were implanted IP in pristane-primed BALB/c mice, and the 
ascites fluids were collected. The IgG fraction was prepared from 
ascites by repeated precipitation with 45% saturated ammonium 
sulfate (pH 6.2). The resulting precipitates were dialyzed against 
PBS. 

Immunoglobulin subclass determination. The CS of the hybrid- 
oma cells were concentrated tenfold with Minicon B15 (Amicon 
Corp, Danvers, MA), and the immunoglobulin subclass was deter- 
mined by the double-immunodiffusion method using isotype-specific 
rabbit antimouse immunoglobulin. 

Tunicamycin treatment of KUT-2 cells. KUT-2 cells (1 x 10°) 
were incubated for 16 hours in RPMI complete medium in the 
presence of tunicamycin (0.8 ng/mL) and were used for the viable 
cell immunofluorescence study. For metabolic labeling of the tunica- 
mycin-treated cells, the cells were incubated on leucine-free RPMI 
1640 medium supplemented with 10% FCS and tunicamycin (0.8 
ug/ml.) for one hour, then ‘H-leucine (10 wCi/mL) was added to 
the medium, and the incubation was continued for 15 hours. 

Chemicals and reagents. The monoclonal antibodies against the 
human IL 2 receptor (HIEL H-31, and H-A26)'* were kindly 
provided by Dr Y. Hinuma and Dr K. Sugamura. Tunicamycin, an 
inhibitor of N-linked glycosylation, was kindly provided by Dr G. 
Tamura. The FITC-conjugated IgG of rabbit against mouse IgG 
was prepared in our laboratory. The other antibodies were isotype- 
specific rabbit antimouse immunoglobulin obtained from Zymed 
Laboratories (San Francisco) and peroxidase mouse antiperoxidase 
(mouse PAP) from E-Y Laboratories, San Mateo, CA. Avidine- 
biotinvlated peroxidase was purchased from E-Y Laboratories and 
protein A-Sepharose 4B from Pharmacia P-L Biochemicals. Upp 
sala, Sweden. *H-leucine and I were purchased from New England 
Nuclear, Boston. RPMI 1640 was obtained from GIBCO, Grand 
Island, NY; FCS from M.A. Bioproducts, Walkersville, MD; Con A 
and PHA-P from Pharmacia P-L Biochemicals; DAB from Dojin 
Chemical Institute, Japan, and Ficoll-Paque from Pharmacia P-L 
Biochemicals. Sodium deoxycholate was purchased from Nakarai 
Chemicals, Japan. 


RESULTS 


Preparation and reactivity of the FTF 148 monoclonal 
antibody. From approximately 1,200 hybridoma clones, 
two clones (FTF 148 and FTG 193) were selected by the 
screening program presented in Materials and Methads. 
Although the immunogloblin isotypes of FTF 148 and FTG 
193 were IgG, and IgA respectively, the staining pattern « 
the immunofluorescence was almost the same, and the 
antigen reactive with FTF 148 antibody was characterized. 
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First, the reactivity of this antibody with various kinds of 
human lymphoid cell lines was examined by the indirect 
immunofluorescence method using viable cell or acetone- 
fixed smeared cells (Table 1). The FTF 148 antibody reacted 
with all of the HTLV-I-infected cell lines tested. This 
antibody, however, did not react with other T cell lines 
derived from acute lymphocytic leukemia (HSB-2, CEM, 
and MOLT-4), EBV-transformed B cell lines, or an erythro- 
leukemic cell line (K562). The only exception was the Raji 
cell line in which approximately 1% of the cell population 
was positively stained by a membrane immunofluorescence 
method. The possibility that this antigen, mainly expressed 
on cell membranes, is identical with the IL 2 receptor 
molecule expressed in abundance in HTLV-I-—infected cells 
was ruled out because normal PBL stimulated with PHA or 
Con A reacted with a monoclonal antibody against the IL 2 
receptor (HIEI, H-31, and H-A26) but did not react with the 
FTF 148 monoclonal antibody (Table 2). The expression of 
the antigen detected with the FTF 148 monoclonal antibody 
correlated well with the integration of HTLV-I proviral 
DNA in the celis but did not correlate with the expression of 
the ATL-associated antigen (ATLA) detected with anti- 
ATLA~positive human serum (Table 3). As presented in 
Table 3, the FTF 148 antibody reacted with more than 90% 
of the KUT-2 and MT-1 cells, only 1% to 3% of the cells of 
which expressed the ATLA. This antibody also reacted with 
more than 90% of the KUT-1 cells in which ATLA-positive 


Tabie 1. Reactivity of the FTF 148 Antibody With Human 
Hematopoietic Cell Lines 


Percentage of 
Fluorescence-Stained 


Celis With 
Cell Line FTF 148 

ATL-derived T cell lines 

MT-4 >90 

MT-2 >90 

HUT-102 >90 

KUT-1 >90 

KUT-2 >90 

UW-4 >99 
ATL-derived B ceil lines 

KUT-3 80 

ATL-B-1 154 

ATL-B-2 80* 
Non-ATL T cell lines 

HSB-2 0 

CCRF-CEM 0 

MOLT-4 Q 
Non-ATL B cell lines 

Raji 1-2 

EBV-1 0 

B-ALL-~1 O* 

B-CLL-1 O* 
Non-ATL non-T/non-B cell line 

K-562 0 


The percentage of positive cells was determined by an indirect 
immunofiuorescence method using acetone-fixed smeared cells. FITC- 
conjugated IgG of rabbit against human IgG or mouse IgG was used as 
second antibodies. 

*Determined by the surface immunofiuoresence method. 
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Table 2. Reactivity of Lectin-Stimulated PBL With FTF 148 
Antibody and Monoclonal Antibodies Against the IL 2 Receptor 


mrena er: 








Percentage of Fluorescance-Stained Cells in 


het 


Nonstimulated 


FPHA-Stimulated Con A~Stimulated 
Antibody PBL* PBL + PBL? 
FTF 148 0 0 9 
HIEI <2 40-60 25-40 
H-3 7 <2 45-60 20-35 
H-A26 <] 40-60 20-40 





The percentage of positive cels was determined by an indirect 
immunofiuorescence method using viable cells. Three to five healthy adult 
PBL were used for each antibody. 

*PBL cukured for 48 hours without lectin stimulation. Fresh PBL were 
also stained with FTF 148 antibodies (four cases). 

{PBL stimulated with PHA-P (2 ug/ml.) for 48 hours. 

{PBL stimulated with Con A (2 g/mL) for 48 hours. 


cells were not detected. Furthermore, this antibody reacted 
with almost all of the PBL that had been taken from an ATL 
patient ard cryostocked after a four-hour culture although 
ATLA-positive cells were still very rare. Because anti- 
ATLA~pesitive antiserum mainly detects env and gag pro- 
tein, the FTF 148 antibody may not be directed to the viral 
antigen of HTLV-I. 

The reactivity of this antibody to fresh PBL obtained from 
ATL patients was examined by a viable cell surface immuno- 
fluorescence method. In some cases a significant percentage 
of PBL reacted with this antibody (Table 4). In most cases, 
the ATL cells in the peripheral blood did not express this 
antigen in vive thereby making it necessary to elucidate the 
mechanism of expression of this antigen in relation to the 
expression of the HTLV-I genome. 

Localization of the antigen in ATL-related cultured 
cells. The acetone-fixed KUT-2 cells demonstrated a 
strongly positive immunofluorescence reaction mainly on the 
cell membrane and a relatively weak reaction in the cyto- 
plasm. The antigenic determinant of this antigen is exposed 
to the external lipid bilayer of the plasma membrane because 
viable cells reacted with this antibody very strongly. Immu- 
noelectron microscopic analysis of PLP-fixed cells using an 
immunoperoxidase technique revealed that in MT-2 cells 
this monoclonal antibody reacted with some components of 
the plasma membrane (Fig 1). The linear pattern of a 
positive peroxidase reaction was usually observed, and the 


Tatie 3. Reactivities of the FTF 148 Antibody and 
Anti-ATLA-—Positive Human Serum With ATL-Derived T Cell Lines 


hn a RRR RINNE MER ARA ARRANA AAAA NEAN AAAA MRNA AAAA HHAAMtMAHishiNANnithetAehtinitttAhd NIA KARR NN 


Percent of tmrmmuncfiuorescence-Stained Cells With 





Cell Line Anti-ATLA FTF 148 
MT-* 1-3 >90 
MT-2 90 >90 
HUT- 102 ND >90 
KUT- 1 0 >90 
KUT-2 1-3 >90 
UW-4 1-2 >90 


atainuka AAA rN Rott aapna mamn m m ia aana ma y aa 


immunofluorascence method using acetone-fixed smeared ceils. FITC- 
conjugated IgG of rabbit against human or mouse igG was used as a 
second antibody. 

Abbreviat:on: ND, not determined. 


NOVEL ANTIGEN OF HTLV-I-INFECTED CELLS 


Table 4. Reactivity of the FTF 148 Antibody With Fresh PBL 
of ATL Patients 


Percentage of Positive Cells 
in PBL 


No.of Cases O-1 1-5 5-10 >10 


Source of PBL 
ATL patients 18 ys 4 4° 
Healthy adults of 
nonendemic area 11 11 0 0 o 
Blood donors in endemic area 27 24 1 2+ 0 


PBL were separated from peripheral blood with Ficoll-Paque and the 
percentage of positive cells was determined by an indirect immunofiuo- 
rescence method. 

*More than 40% of PBL were positively stained in two out of four 
cases. 

tAnti-ATLA-—positive adults. Another seropositive adult in this group 
did not have any positively stained cells in PBL. 


localization of the reaction was not correlated to that of virus 
particles that were abundant in the vesicular structure in the 
cytoplasm and also in the extracellular space. In HUT-102 
cells, not only was the plasma membrane positively stained 
by an immunoperoxidase method, but also the rough endo- 
plasmic reticulum and some parts of the nuclear membrane 
were positively stained (Fig 2). These results coincide well 
with the findings obtained using the acetone-fixed smeared 
cells. 

Characterization of the antigen detected with the FTF 
148 antibody. For biochemical analysis, KUT-2 ceils were 
labeled with *H-leucine for 16 hours, processed as described 
in Materials and Methods and subjected to SDS-polyacryl- 
amide gel electrophoresis (PAGE) on 10% slab gels. The 
fluorographic patterns of the material immunoprecipitated 
with the FTF 148 antibody and the material immunoprecipi- 
tated with normal mouse IgG revealed that two proteins were 
specifically precipitated (Fig 3). The monoclonal antibodies 
against other cellular components (eg, antihuman c-myc, 
anti-Px) did not precipitate this antigen. These proteins had 
apparent molecular weights (mol wt) of 74,000 and 50,000. 
Treatment of KUT-2 cells with tunicamycin (0.8 ng/mL) so 
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as to decrease the *H-glucosamine incorporation into the 
cellular proteins by 95% did not reduce the apparent mol wt 
of these proteins, which suggests that these proteins did not 
have a long N-linked carbohydrate chain. The tunicamycin- 
treated cells had as many antigenic determinants as non- 
treated cells on the cell membrane as evidenced by a surface 
immunofluorescence study. 

From the '”I surface-labeled material, these two proteins 
were also specifically precipitated, thus suggesting that at 
least a part of these proteins was exposed to the exterior of 
the plasma membrane (Fig 4). The relationship between 
these two proteins is still unclear. These two proteins may 
form a complex on the plasma membrane, and the antibody 
may be directed to one of them. 

This antigen is not the product of the Xs gene of HTLV-I 
(Px) because the latter protein has been reported to be 
distributed in the nucleus and cytoplasm.'*'’ We have 
recently obtained a monoclonal antibody against the product 
of a fourth open reading frame of the Xs gene (Px IV) and 
confirmed this result (unpublished observations). The analy- 
sis of the detailed structure and the function of this antigen, 
supposedly a product of a cellular gene activated by a 
transacting viral gene product, is now in progress. 


DISCUSSION 


ATL is considered to be caused by an HTLV-I infection 
based on proviral DNA analysis and seroepidemiological 
studies, but the relationship between viral infection and 
leukemogenesis is still unclear. Recently Sodroski et al 
showed that there exists a transacting factor in HTLV- 
I—-infected cells and this factor may be the product of the Xs 
region of the HTLV-I genome." This factor is now believed 
to promote cellular gene activation, and the product of the 
latter is responsible for cell transformation. In this respect, it 
is important to analyze the cellular gene products newly 
expressed by the infection of HTLV-I. The HTLV-I- 
infected leukemic cells generally have a surface phenotype 
characteristic of mature helper T cell and express the IL 2 
receptor in abundance and HLA-DR antigens.'*” 





Fig 1. 
particles in the vesicular structure are not stained (arrow). (A) Micrograph of MT-2 cells stained with uranyl acetate and lead citrate 
(original magnification x 7,300). (B) Enlarged micrograph of MT-2 cells in which virus particles in a vacuole are visualized (original 
magnification x 31,200). 


Immunoelectron micrograph of MT-2 cells. The plasma membrane is positively stained with the FTF 148 antibody. Virus 
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Fig 2. 


TSUBAI ET AL 





Immunoelectron micrograph of HUT-102 cells. In HUT-102 cells not only is the plasma membrane positive with the FTF 148 


antibody, but the rough endoplasmic reticulum and some parts of the nuclear membrane are positively stained (arrow in B). (A) was 
stained with uranyl acetate and lead citrate (original magnification x 7,300), but (B) was not stained (original magnification x 14,600). 


We prepared a new monoclonal antibody, FTF 148, and 
detected a novel antigen specifically expressed in HTLV- 
l—infected cells. This antigen is expressed in both T and B 
cell lines. According to our experience, the establishment of 
B cell lines from PBL of ATL patients is easier than that 
from PBL of normal persons. As demonstrated by Sugamura 
et al, HTLV-I infects B cell lines and induces the expression 
of IL 2 receptor molecules.’ This antigen is, however, 
different from the IL 2 receptor because the latter is also 
expressed in lectin-stimulated normal PBL but the former is 
not. Because the IL 2 receptor molecules of HTLV-I- 
infected T cells are, for the most part, low-affinity IL 2 
receptor molecules, it was necessary to rule out the possibility 


1 A 2 5 : 2 
= = ose eS (Mr) 
— 89K 
74K= — ban 1S 
o oda. COAN eee 
— «np aes = 
50K=- = — 
— — <x oe ik 


Fig 3. Itmmunoprecipitation and SDS-PAGE of *H-leucine- 
labeled KUT-2 cells. The cells were metabolically labeled with 
7H-leucine for 16 hours and subjected to immunoprecipitation with 
the FTF 148 antibody (A-1) or with normal mouse IgG (A-2). (B) 
KUT-2 cells were incubated with tunicamycin (0.8 ug/mL) for one 
hour, then *H-leucine was added, and the incubation was con- 
tinued for 15 hours. The cells were subjected to immunoprecipita- 
tion with the FTF 148 antibody (B-1) or normal mouse IgG (B-2). 


that the FTF 148 antibody reacted specifically with them. 
We used three monoclonal antibodies prepared and charac- 
terized by Tanaka et al'* to examine whether low-affinity IL 
2 receptor molecules were well expressed in our lectin- 
stimulated PBL. The antibody specific to low-affinity IL 2 
receptor molecules (H-A26) reacted with our lectin-stimu- 
lated PBL to the same extent as the antibody specific to 
high-affinity IL 2 receptor molecules (HIEI), and the anti- 
body reacted with both high- and low-affinity molecules 
(H-31) by a membrane immunofluorescence method. The 
mol wt of this antigen and the IL 2 receptor is different. The 
anti-IL 2 monoclonal antibodies precipitated glycoproteins 
with mol wts of 60,000 to 65,000,” ** whereas the FTF 148 
antibody precipitated proteins with mol wts of 74,000 and 
50,000. Taken together, the antigen presented in this paper is 
different from the IL 2 receptor. The possibility that the FTF 





Fig 4. Immunoprecipitation and SDS-PAGE of ‘I-labeled 
KUT-2 cells. The cells were surface labeled with I and subjected 
to immunoprecipitation with the FTF 148 antibody (1) or normal 
mouse IgG (2). 


NOVEL ANTIGEN OF HTLV-I-INFECTED CELLS 


148 antibody is directed to an Ia-like antigen was ruled out 
because this antibody did not react with PBL from normal 
adults or with the B cell leukemia cell lines (B-ALL and 
B-CLL). 

The antigen detected with the FTF 148 antibody is 
considered to be different from viral antigen because (1) this 
antibody reacted with the vast majority of MT-I and KUT-2 
cells, though the percentage of ATLA-positive cells in these 
cell lines was lower than 3%; (2) this antibody reacted with 
the ATL cells cultured for four hours although ATLA- 
positive cells were still very rare; (3) in MT-2 cells, many 
virus particles were found in the vesicular structure as well as 
in the extracellular space by electron microscopy, and these 
particles reacted with anti-ATLA-—positive human serum 
and the rabbit antibodies raised against the highly purified 
virus solubilized with Triton X-100,” whereas, the FTF 148 
antibody reacted only with the plasma membrane of MT-2 
cells; and (4) HTLV-I-specific polypeptides exist in the cells 
in diverse forms.” The gag gene products are synthesized 
as 53,000-dalton polypeptides and are proteolytically cleaved 
to three low—mol wt gag proteins (P19, P24, and P15). The 
env protein is synthesized as 46,000-dalton polypeptides and 
are glycosylated to 62,000-dalton molecules. These proteins 
are cleaved to 46,000- and 20,000-dalton molecules. After 
tunicamycin treatment of HTLV-I-infected cells, the 
46,000-dalton polypeptides are not glycosylated, and 62,000- 
dalton molecules are not formed. These results strongly 
suggest that the antigen reactive with the FTF 148 antibody 
is different from viral proteins and their precursors. 

The other genes that produce proteins are the pol and Xs 
genes. The pol gene protein of the retrovirus that is known as 
reverse transcriptase ts in general synthesized as a gag-pol 
read-through product and is often detected as a 180,000- to 
200,000-dalton polyprotein.’ The nucleotide sequence of 
HTLV-I suggested that the pol gene of this virus could code 
for a 99,000-dalton protein.® Neither gag-po/ product nor pol 
gene product has been identified yet in HTLV-I-infected 
cells, though the reverse transcriptase activity was clearly 
demonstrated on HTLV-I virion particles.°°° One of the 
unique features of HTLV-I is its gene termed Xs, which 
resides downstream of the env gene and is flanked by 3°LTR. 
Recently, using rabbit antibodies to the synthetic oligopep- 
tide specific to the predicted amino acid sequences of the 
product of the Xs region, 40,000-dalton proteins were 
detected in HTLV-I-infected cells.™?? Previously Sugamura 
et al reported that a 40,000-dalton protein was detected with 
the serum of ATL patients in almost all the cell lines infected 
with HTLV-I but not in the uninfected cell lines.” We 
prepared a monocional antibody (MI 73) against the syn- 
thetic oligopeptide of the COOH terminal region of pX IV 
(the product of a fourth open reading frame of the Xs gene) 
that specifically reacted with this 40,000-dalton protein. By 
an immunofluorescence method, the 40,000-dalton protein 
was found to be distributed in the cytoplasm (polysome) and 
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nucleus of the major population of HUT-102, KUT-1, and 
KUT-2 cells in which the expression of ATLA was in a minor 
population (HUT-102, KUT-2) or not expressed at all 
(KUT-1) (unpublished observation). The pX I-H proteins 
have not been found yet, but this region may have no 
essential role for cellular transformation and may not func- 
tion to synthesize proteins, as suggested by the low homology 
with HTLV-H. These results strongly suggest that the 
antigen we detected is different from the po/ and Xs gene 
products. 

We examined the reactivity of the FTF 148 antibody with 
fresh PBL from ATL patients. In some cases, many PBL 
reacted with antibody. In the majority of cases, however, 
only a low percentage of PBL reacted, or no PBL reacted. 
Franchini et al” have recently reported that in a few cases 
the messenger RNA transcribed from some part of the 
HTLV-I genome was expressed in fresh PBL obtained from 
ATL patients. We examined the lymph nodes of ATL 
patients by an immunohistochemical method with the result 
that in three patients out of four more than 10% of the lymph 
node cells expressed this antigen, thus indicating that in the 
tissue in which ATL cells are very actively proliferating 
(checked with Ki-67 monoclonal antibody) this antigen 1s 
expressed in a high percentage of ATL cells (unpublished 
observation). These results suggest that gene expression of 
HTLV-1 induces the expression of this antigen. This antigen 
was expressed 1% to 2% of Raji cells that are not infected 
with HTLV-I. We presume that in Raji cells that have been 
cultured for many years, many cellular genes are newly 
expressed by mutations or chromosome translocations. This 
antigen has also expressed in the UW-4 cell line derived from 
an ATL patient and still depends on the presence of H 2 for 
its proliferation. There is still a controversy as to whether 
ATL cells depend on IL 2 or not. The PBL from the ATL 
patient proliferate very well in the presence of IL 2, and from 
almost all cases IL 2—dependent permanent cell lines are 
established. This phenomenon is in high contrast to cultures 
of PBL from normal persons because the proliferation of the 
latter cells gradually decreases and it is very hard to establish 
a permanent cell line. This phenomenon suggests that ATL 
cells are immortalized by the integration of HTLV-I proviral 
DNA. From the H. 2-dependent cells derived from ATL 
lymphocytes, the conversion to IL 2--1independent cells rarely 
occurs. At present we consider that there exist two different 
stages of ATL with respect to the dependence on IL 2. These 
results suggest that this antigen may be related to cell 
immortalization and is a product of certain cellular genes 
activated by some transacting factor (eg, Px) produced by 
HTLV-I infection. 
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Spectrum of Natural Antibodies Against Five HTLV-II Antigens in Infected 
Individuals: Correlation of Antibody Prevalence With Clinical Status 


By Genoveffa Franchini, Marjorie Robert-Guroff, Anna Aldovini, Nancy C. Kan, and Flossie Wong-Staai 


The genome of the HTLV-IH/LAV retrovirus, the etiologic 
agent of the acquired immunodeficiency syndrome (AIDS), 
encodes the virai structural proteins (envelope and core 
proteins), the reverse transcriptase, a transactivation pro- 
tein (tat-ill), as well as two other proteins (J’orf, sor) of 
unknown function. We studied the prevalence of natural 
antibodies against envelope, gag, 3'orf, sor, and tat-ill in 
the sera of HTLV-II infected individuals in an attempt to 
correlate clinical status with seropositivity to specific 
HTLV-II antigens. We selected 101 sera; 16 were obtained 
from normal donors with no known risk factors, and 85 
were from patients with full-fledged AIDS (28 cases), 
AIDS-related complex {ARC, 22 cases}, and healthy people 
at risk (homosexuals, intravenous [IV] drug users, relatives 
of AIDS patients: 35 cases). Seropositivity for antibodies 
against the envelope (gp41) and gag antigens (p15, p24) 
was determined by Western blot using disrupted HTLV-II 
virions. Of the 101 sera, all 16 from nonrisk donors and 
3/35 from healthy at-risk donors were negative for anti- 
bodies against either the gp41 or p15 and p24. The 
remaining 82 sera were seropositive for either the gp41 


CQUIRED immunodeficiency syndrome (AIDS) was 
first described in the United States in 1981,' and since 
then the disease has reached epidemic proportions.’ The 
syndrome consists of a series of clinical manifestations 
directly related to the severe immune dysfunction in the 
affected people, such as opportunistic infections and various 
disorders such as autoimmune diseases, malignancies, and 
neurologic manifestations, the pathogenetic origin of which 
is less obvious. Infection by HTLV-III/LAYV ts the common 
denominator among these patients.’ HTLV-HI infection 
correlates with depletion of the OKT** T cells in vivo and in 
vitro.” While the immunodepression observed in patients 
with AIDS could be a direct consequence of the cytopathic 
effect of HTLV-II] exerted on T cells as it is observed in 
vitro,’ the role played by HTLV-II in the pathogenesis of 
the various clinical manifestations of the syndrome is still not 
clear. The molecular cloning and the nucleotide sequencing 
of HTLV-ILE? allowed the identification of the envelope, 
polymerase and the core protein genes, and three additional 
open-reading frames, 3‘orf, sor, and tat-HI, that encode 
proteins of 27, 23,'°"? and 14Kd respectively. ? The tat-II 
protein seems to enhance virus expression in the infected'*"° 
cells and may play a key role in the mechanism of viral 
replication. The functions of the J’orf and ser proteins 
relative to the viral life cycle or the cellular metabolism of 
infected cells remain to be uncovered. We studied the 
expression in vivo of these viral genes by analyzing the 
natural antibody response in infected individuals in an 
attempt to correlate the stage of the disease and the different 
clinical manifestations with the expression of specific viral 
proteins. 


MATERIALS AND METHODS 


Virus preparation. HTLV-II produced by H9 cells was har- 
vested from 50 liters of cell-free tissue culture media using zonal 
ultracentrifugation on two sequential ribonuclease-free sucrose gra- 
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and/or the p15 and p24. All sera were then tested against 
the three known HTLV-II antigens (3’orf, sor, and tat-iil) 
that have been synthesized in bacteria. Our data indicate 
that all the HTLV-II antigens tested are immunogenic in 
vivo. No significant difference in antibody prevalence to 
gp41 (close to 100%) and to the Forf, sor, and tat-lil 
proteins (approximately 50%) was observed with regard to 
stage of the disease. In contrast, the prevalence of antibod- 
ies against the core antigens decreased from approxi- 
mately 100% in infected people with no clinical signs of 
disease to 50% in ARC and AIDS patients. The percentage 
of patients seropositive for all five antigens tested was 
increased in the AIDS group. These results indicate that 
the greatest antibody prevalence was obtained using viral 
envelope antigen and further suggest that screening with 
the newly identified 3’orf, sor, and tat-ill proteins as 
antigens would confer no further diagnostic advantage. 
The pattern of natural antibodies observed during disease 
progression did not suggest any pathogenetic mechanism. 
© 1987 by Grune & Stratton, Inc. 


dients as previously described.'® Purified virus was disrupted in 50 


20 mmol/L dithiothreitol, | mmol/L EDTA, 0.5 mol/L KCI, and | 
mmol/L phenylmethyl sulfonyl fluoride by stirring for one hour at 
4°C. The solubilized virus preparation was dialyzed extensively 
against phosphate-buffered saline (PBS) and centrifuged for one 
hour at 100,000 x g. The supernatant fraction was used in Western 
blot!’ assays following protein estimation by the method of Lowry.” 

Purification of the bacterially synthesized viral proteins. The 
bacterially synthesized HTLV-II proteins were purified by dif- 
ferent methods. The Forf protein was obtained from the total cell 
lysate of E 10 bacteria after solubilization in 50 mmol/L Tris-HCI, 
pH 8, containing 1.5 mol/L sodium chloride and 8 mol/L urea and 
application of the extract to a Sephacryl 5-300 column. The 
fractions containing the 3’orf protein were pooled and applied to a 
Sepharose 4B column coupled with an antibody directed against the 
amino terminus of the hybrid protein. ® The 3’orf protein was 
recovered by elution with 2% formic acid and used in a Western blot 
assay.'’ The bacterially synthesized 27 Kd 3’orf protein is a hybrid 
protein that comprises 84% of the 2’orf gene and 36 amino acids 
derived from the prokaryotic vector.'” By coincidence the molecular 
weight of the bacterial protein is the same as the molecular weight of 
the native protein (p27) detected in infected cells.'°"’ The sor protein 
was purified by application of the bacterial lysate”? to a cation- 
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exchange Water Protein-Pak Sp-S5PW HPLC column and elution 
with a 25-mL gradient of 0% to 80% 0.75 mol/L NaCl in the 
equilibration buffer. The bacterial sor (p18) is a hybrid protein 
representing 83% of the sor gene. The native protein product has 
been identified as a 23Kd protein.” The tat-IH protein was purified"? 
by applying the bacterial lysate to a 15% SDS-polyacrylamide gel. 
After electrophoresis the 14 Kd protein was eluted from the appro- 
priate gel slice. The 14 Kd tat-HH protein expressed in Escherichia 
coli is not a fusion protein but represents the complete protein 
product of the tat-Il] gene. It therefore has the same size as the 
native protein product detected in infected cells." 

Western blot analysis of the viral proteins. Lysate of HTLV-II 
or purified recombinant proteins (3’orf, tat-II, and sor) were 
fractionated by sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE). The proteins were electrophoretically trans- 
ferred to nitrocellulose sheets as described,” and the sheets were 
incubated for one hour at room temperature with a solution contain- 
ing 5% nonfat dry milk and 0.01% Antifoam (Sigma, St Louis) in 
PBS to block nonspecific protein-binding sites. Strips were obtained 
from the nitrocellulose sheets and individually reacted with human 
sera diluted 1:100 for one hour at 4°C in the same solution 
containing 5% nonfat dry milk. After incubation the strips were 
washed in PBS containing 0.5% sodium deoxycholate and reacted 
for 20 minutes with '™I staphylococcal protein A (5 x 10° epm/mL). 
The strips were washed again, and autoradiograms were obtained, 


RESULTS 


Location of the coding regions for the HTLV-II] pro- 
teins. A summary of the genes identified in the different 
open-reading frames of the HTLV-II] genome by computer 
analysis is depicted in the upper part of Fig 1. To date the 
core proteins p24, p15, have been identified as well as the 
gpl20 and gp41*'’”° for the exterior and transmembrane 
portion of the envelope respectively. Three other HTLV-II 
genes have been uncovered by studying the viral c-DNAs," 
and the features of their spliced mRNAs are summarized in 
the lower part of Fig |. The native products of the three 
genes, 3’orf, sor, and tat-III] have been identified in infected 
cells cultured in vitro. The three genes encode proteins 
p27,'°'' p23," and p14” respectively. 
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Fig 1. Diagrammatic representation of the HTLV-lil genome 
and of the spliced mRNAs for three protein products. The upper 
part of Fig 1 displays the HTLV-HI genome and the position of the 
open-reading frames for the six genes that have been identified. 
The schemes underneath the HTLV-II map include the sequences 
that are maintained in the mature mRNAs for the 3'orf, sor, and 
tat-ill proteins. The white and black dots represent the donor and 
acceptor sites that are joined together in the mature mRNA. The 5’ 
donor splice site for the sor mRNA has not been identified yet. The 
numbers refer to the position of the sites in the HTLV-HI nucieo- 
tide sequence.” 
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Corrrelation of antibody response and stage of the dis- 
ease. We attempted to correlate the stage of the disease 
with the prevalence of antibodies against specific viral anti- 
gens. We employed 82 human sera seropositive for antibod- 
ies against the HTLV-II core proteins (p14 and/or p24) or 
the gp4. or both. The sera, all obtained from Americans, 
included 32 samples from healthy individuals at risk for 
HTLV-HI infection; 28 samples from patients with full- 
fledged AIDS, and 22 sampies from American patients with 
ARC. The patients in the risk group defined ‘healthy’ 
included individuals with and without lymphadenopathy 
(LAS). Among them, three were IV drug users and one was a 
relative of a patient with AIDS. The rest were homosexuals. 
ARC petients were staged according to the criteria of the 
Centers for Disease Control,” and the group included 
patients with at least two laboratory findings of immunodys- 
function and two clinical manifestations of disease. All the 
AIDS patients had serious manifestations of disease, includ- 
ing either Kaposi’s sarcoma (50%) or opportunistic infec- 
tions (56%). We also studiec 16 human sera seronegative for 
antibodizs against the gag and envelope proteins of HTLV- 
HI obtained from a population not at risk for HTLV-II 
infectior and three sera from previously identified virus- 
positive, antibody-negative healthy carriers?” An example 
of a Western blot of some of these sera using disrupted 
HTLV-HI is given in Fig 2, first panel. The sera were also 
reacted against the purified 3’orf, sor, and tat-II protein 
products expressed in E coli (Fig 2, panels 2, 3, and 4). Some 
sera from each group of patients (healthy at risk, ARC, 
AIDS) -ecognized the bacterially synthesized HTLV-II 
proteins. Sera of the normal donors (HN) lacking antibodies 
to the envelope and the core proteins of HTLV-I also did 
not reac. with the tat-IH and the 3’orf proteins; in contrast 
some of the normal sera recognized the sor protein. The three 
sera obtained from the healthy virus-positive individuals 
failed to recognize the 3’orf. sor, and tat-II] proteins. Later 
samples from these same individuals seroconverted and 
became  ositive for envelope and core antigens. 

A histogram of the distribution of natural antibodies 
against the five HTLV-II] proteins analyzed in this study is 
shown in Fig 3. The antibody prevalence against the envelope 
antigen gp4l was constant in all phases of the disease. 
Almost all patients tested were seropositive for this antigen, 
in agreement with other studies” that have shown the viral 
envelope to be the major target antigen in HTLV-III- 
exposed individuals. While miner fluctuations in antibody 
prevalence were observed with disease progression, overall a 
constant pattern occurred with the 3’orf, sor, and tat-HI 
proteins In the case of these antigens, however. the percent- 
age of seropositive individuals was in the intermediate range 
of 30% to 65% depending on the antigen. The antibody 
prevalence to the gag antigenic determinants was greatest 
among the healthy at risk group, as reported also by other 
investigators. When individuals in the early phases of 
disease were analyzed with regard to the presence or absence 
of lympradenopathy, no differences in the antibody preva- 
lence to any of the five antigens were detected. 

Specificity of seroreactivity to the bacterially synthesized 
sor protein. As indicated in the histogram of Fig 3, 25% of 
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The first panel represents the autoradiograph of nitrocellulose strips containing HTLV-II viral proteins from the disrupted virion 


reacted with various human sera. Panels 2, 3, and 4 represent examples of the reactivity of human sera toward the Jorf, sor, and tat-lll 
purified proteins respectively. The molecular weight of the proteins was derived from molecular weight standard proteins electrophoresed 
on the same gel (Bethesda Research Laboratory, Bethesda, MD). HN, HH, and HM refer to human sera and represent a healthy. normal, 
not-at-risk patient; healthy homosexuals; and a healthy mother of a child with AIDS. AIDS and ARC stand for sera obtained from patients 


with the AIDS syndrome and from patients with AIDS-related complex. 


sera from uninfected individuals reacted with the recombi- 
nant 18Kd sor protein. This reactivity was specific for the 
recombinant protein, since a protein of similar size is not 
detected in the control bacterial lysate (Fig 4, lanes | and 2). 
Similarly, the specific antiserum obtained from a rabbit 
immunized with the purified protein reacted with the recom- 
binant sor protein (lane 4), while no reaction was observed in 
the total bacterial lysate (lane 3). The sor protein used in 
these studies is a chimeric protein that contains at the amino 
terminus 13 amino acids derived from the well gene of the 
vector.'? To rule out that the reactivity of the human sera was 
directed against vector epitopes rather than sor epitopes, we 
tested the reactivity of the same sera against another chime- 
ric protein expressed in the same vector containing 27% of 
the coding sequences of the HTLV type I envelope gene 
p21E.* Figure 4, lanes 5 and 6, shows that a human serum 
positive for the recombinant sor protein does not recognize 
the p21 E recombinant HTLV-I chimeric protein, while a 
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Fig 3. The spectrum of natural antibodies in patients’ sera is 
expressed as a percentage of total patients analyzed for each 
antigen, which is represented on the Y axis. The legend for each 
antigen is reported in the right upper part of the figure. 


serum obtained from a patient with adult T cell leukemia 
does. Thus, the reactivity of human sera from uninfected 
individuals seems to be directed against the antigenic deter- 
minants of the recombinant sor protein. 


DISCUSSION 


All the known proteins encoded by HTLV-II are immu- 
nogenic in vivo, but the spectrum of antibodies that they 
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Fig 4. Total cell lysate from bacteria expressing the sor 
protein (lanes 2 and 4) and from control bacteria (lanes 1 and 3) 
were analyzed by Western blot using a human serum from an 
uninfected individual (lanes 1 and 2) and a rabbit antiserum raised 
against the recombinant sor protein (lanes 3 and 4). A Western 
blot against the purified recombinant protein containing the anti- 
genic determinants of the HTLV-I p21E (lanes 5 and 6) was 
obtained with the same human serum used in lanes 1 and 2 (lane 5) 
and with a serum from a patient with adult T cell leukemia (lane 
6). 
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elicit in infected individuals does not seem to correlate with 
disease stages as they are currently described. We noticed 
that as infected individuals progressed toward AIDS, they 
tended to acquire antibodies to all the HTLV-III antigens 
studied (data not shown). This finding may simply reflect 
continual expression of the virus in vivo with a greater 
likelihood of exposure to each antigen with increasing time 
after infection. Fluctuations in antibody prevalence were 
observed with stage of disease, particularly with the sor and 
tat-IH proteins, although the differences observed did not 
yield statistically significant correlations. These varying 
prevalences may result from different levels of circulating 
antigens with disease progression and immune complex 
formation, leading to lessened detection of serum antibodies. 
More extensive studies would be necessary to determine 
whether the observed fluctuations have underlying biologic 
significance. Direct analysis for circulating immune com- 
plexes or complexes trapped in lymph nodes would be 
informative. It is remarkable that the immune response 
against all HTLV-II antigens in AIDS patients seems to be 
comparable to that of the healthy at-risk patients, despite the 
high degree of immune system failure observed in the former 
group. Our data suggest that it may be necessary to investi- 
gate individuals very soon after viral infection to determine 
whether sequential exposure to HTLV-III antigens is corre- 
lated with laboratory or clinical manifestations of AIDS. In 
this regard we analyzed sera of three patients at risk who 
were virus positive, seronegative for antibodies against the 
HTLV-II envelope and gag proteins and who subsequently 
seroconverted. Their sera were negative for the 3’orf, sor, 
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and tat-IT before the time of seroconversion, suggesting that 
these proteins might not be useful in the diagnosis of the 
early phase of infection. More serum samples from this kind 
of patient should be studied before a definitive conclusion on 
this point can be reached. Our analysis has shown that of the 
five HTLV-I antigens studied, the most immunogenic one 
appears to be the gp41 transmembrane protein. As the major 
envelope protein gp120 also appears to be highly immuno- 
genic,” it would be useful to include it in screening proce- 
dures when the purified protein becomes available. 
Obviously the use of a combination of bacterially synthesized 
antigens for large scale antibody testing not only could 
increase the sensitivity of antibody detection but could also 
eliminate the problem of obtaining false-positive results due 
to contamination of virus preparations with human antigens. 
In this regard it should be noticed that the sor protein should 
not be used in the antibody screening procedure because it 
could be the cause of false-positive results. In fact, we have 
Shown that some human sera from not-at-risk, uninfected 
individuals have antibodies that react with the sor antigenic 
determinants. We believe that this reactivity may be due to 
crossreactive determinants in either endogenous or exoge- 
nous proteins that elicit an immune response in humans. 
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Formation and Functioning of the Factor [Xa-VIII Complex on the 
Surface of Endothelial Cells 


By Katalin Varadi and Susan Elodi 


The formation and functioning of the factor X activating 
complex on the surface of cultured human venous endothe- 
lial cells (HVEC) were investigated. To the HVEC mono- 
layer human factors IXa, VIH, X, CaCl, and S-2222 were 
added, and a gradually increasing activation of factor X was 
observed. The maximum activity of 88 nmol/L Xa/ min was 
reached after a 12-minute lag phase. In the presence of 
thrombin-activated factor VIH (VI) the same maximum 
activity developed in eight minutes, which suggests that 
Vill, accelerates the formation of the IXa-VIll complex but 
does not influence its factor X-activating potential. Anti- 
Vill IgG did not affect the activity of the full-fledged 


VENTS LEADING TO THROMBUS formation are 
thought to be initiated by damage to the vascular 
endothelium. The intact endothelial cell lining is generally 
believed to provide a nonthrombogenic surface for blood.’ 
Recently, it became evident that the endothelium cannot be 
regarded as an inert lining but that the endothelial cells 
actively contribute to the maintenance of blood fluidity. 
Endothelial cells synthesize and release prostacyclin,’ which 
inhibits platelet aggregation, as well as plasminogen activa- 
tor,’ which contributes to the dissolution of fibrin. 
Thrombomodulin, an endothelial cell membrane protein, 
binds thrombin and protein C with high affinity.“ Protein C 
activated by thrombin effectively inactivates factors V and 
VIII; thus it serves as a regulator of coagulation. In contrast 
to these nonthrombogenic functions, recent data suggest that 
reactions promoting clot formation may also take place on 
the surface of intact endothelial cells. Both zymogen and 
active factors IX and X can attach to the surface of vascular 
endothelial cells. ™? Bovine aortic endothelial cells synthesize 
factor V. In the presence of exogenous factor X and calcium, 
the formation of the prothrombinase complex and production 
of thrombin was demonstrated on the surface of bovine aortic 
endothelial cells.'° 
Previously we found that the complex of factor IXa and 
factor VIH is formed on the surface of activated platelets.” 
Complex-bound factors [Xa and VHI display novel proper- 
ties of being resistant to the effect of specific inhibitors." 
The aim of this work was to investigate whether endothe- 
lial cells could provide an appropriate surface for the forma- 
tion and functioning of the factor [Xa-VIII complex. We 
observed that, albeit slowly, the IXa-VIH complex was 
formed and it activated factor X in the presence of intact 
endothelial cells. In the endothelial cell-bound complex, 
factor VIH became resistant to the effect of anti-VITI 
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complex. When anti-VIll IgG was added to the reaction 
mixture before factor VIII or during the lag phase of the 
reaction, it induced a concentration-dependent decrease of 
factor X activation. These results indicate that endothelial 
ceils provide a binding surface for the IXa-VIll complex and 
that in the HVEC-bound complex factor VIII is protected 
from the effect of a specific antibody. However, the rela- 
tively slow development of the maximum activity indicates 
that HVEC only partially satisfy the surface criteria for the 
optimal assembly of the IXa-VIll complex. 

® 1987 by Grune & Stratton, Inc. 


antibody, similarly to that observed when the complex was 
formed on the surface of aggregated platelets. 


MATERIALS AND METHODS 


Coagulation proteins. All clotting factors used in these experi- 
ments were prepared from normal human blood. Factor IXa (194 
U/mg) was prepared as described earlier." Factor VIH (26 U/mg) 
was purified from a therapeutic factor VHI concentrate by Sepha- 
rose 4B chromatography according to Van Mourik and Mochtar. 
Factor X (6 U/mg) was isolated from a prothrombin complex 
concentrate by dextran-sulphate-Sepharose chromatography.” 
Anti-VIH IgG (210 BU/mg) was prepared from the plasma of a 
nonhemophilic patient who developed antibody against factor VHI, 
The IgG, fraction was obtained by QAE-Sephadex chromatogra- 
phy“ and was further purified by the caprylic acid method of 
Steinbuch and Audran.” 

Human venous endothelial cells. Isolated from the umbilical 
cord vein, human venous endothelial cells (HVEC) were cultured as 
described by Jaffe.'* During the second passage the cells were plated 
in culture wells with a 16-mm diameter and were allowed to grow to 
confluence for 24 hours. One well contained approximately 10° cells. 
HVEC were cultured and kindly provided by the Department of 
Transplantation Immunology of our institute. 

Assay of clotting factors, Factor [Xa activity was measured by 
a one-stage clotting assay as described previously.” The activity of 
factor VIII was measured by a one-stage assay on factor VIH- 
deficient human plasma and was related to a freeze-dried local 
plasma standard calibrated for the Second International Standard 
for factor VIH (73/552 National Institute for Biological Standards 
and Control, London). The activity of factor Xa was measured with 
the chromogenic peptide substrate Bz-He-Gly-Arg-pNA (S-2222, 
KABI Diagnostica, Stockholm) and was related to the factor X 
plasma standard of Immuno AG (Vienna). Russell's viper venom 
(RVV, Stypven, Burroughs Wellcome Ltd, Beckenham, England) 
was used for the activation of factor X when preparing the calibra- 
tion curve for factor Xa assay. The factor VIH inhibitory capacity of 
the anti-VIIL IgG preparation was measured by the Bethesda 
method and expressed in Bethesda units.” 

Protein assay. The protein content of the clotting factor prepa- 
rations was determined spectrophotometrically by using the absorp- 
tion coefficients A ‘gy: 12.3 for factor VIH,” 13.3 for factor IXa,” 
and 12.4 for factor X.” The protein content of the anti-VIH IgG 
preparation was measured according to Lowry et al by using bovine 
serum albumin (Miles Laboratory, Elkhart, IN) as a reference. 

Experiments with endothelial cells. Confluent cells from the 
second passage were washed three times with imidazole-buffered 
saline (IBS), pH 7.2, composed of 5 mmol/L imidazole HCl and 146 
mmol/L NaCl. Then, factor [Xa (15.5 pg), factor VIH (1.1 units), 
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factor X (90 wg), 10 mmol/L CaCl, and 1.3 mmol/L S-2222 in IBS 
were added in a final volume of 750 aL. The assay mixtures were 
incubated at 37°C and tilted at 60-second intervals for mixing. 
Fifty-microliter aliquots were withdrawn at different time intervals 
and diluted with ice-cold IBS containing 10% acetic acid to termi- 
nate the reaction. 

The activation of factor X was followed by measuring the differ- 
ence in the absorption of the samples at 405 nm. The amount of 
factor Xa formed was read from a calibration curve obtained by 
measuring the activation of 50 to $00 nmol/L factor X in the 
presence of 10 ug/mL RVV, 40 mmol/L CaCl, and 1.3 mmol/L 
S-2222. 

When thrombin-activated factor VIH (VIH) was used in the 
experiments, factor VIII was preincubated at 37 °C with 0.05 NIH 
units/mL thrombin (Topostasine, Hoffman-LaRoche, Basel, Swit- 
zerland). A tenfold increase in factor VIII activity was reached in 
one minute, and then an aliquot was added to the reaction mixture in 
a final concentration of | U/mL. 

The HVEC-bound reaction was compared with that taking place 
in the presence of phospholipid (PL). In these experiments, 10 ug PL 
(Inosithin, Associated Concentrates, Long Island, NY) was added to 
the reaction mixture instead of HVEC. The amount of PL was 
optimalized for the concentration of clotting factors as described 
previously.” 

Calculations. The best fitting curves for the experimental points 
and the appropriate time derivatives were calculated and drawn by a 
microcomputer applying a polynomial regresssion analysis pro- 
gram. 


RESULTS 


Time course of factor X activation. The activation of 
factor X in the presence of confluent HVEC under various 
conditions is shown in Fig 1. When all components required 
for the activation of factor X were added to HVEC (Fig 1A, 
curve a) after a three- to four-minute lag phase, the increase 
in absorbancy indicated that the activation of factor X had 
been initiated. After 12 minutes’ incubation, the change in 
absorbancy became proportional to time, thus suggesting 





Fig 1. Time course of activation of factor X by the iXa-Vill 
complex. {A} The activation of factor X was monitored by the 
increase of absorbancy due to splitting of S-2222 by factor Xa 
formed in the assay system. Factor Xa was generated in the 
presence of HVEC, Ca, IXa, and VIH (curve a); HVEC, Ca, IXa and 
Vill, (curve b); PL, Ca, IXa, and Vil (curve c}; and HVEC, Ca, and IXa 
(curve D}. (B) Time derivatives of the experimental curves of Fig 
1A showing the kinetics of factor X activation during the assembly 
of the [Xa-VIll compiex. Symbols are the same as in (A). For details 
of the experiments and calculations see Materials and Methods. 
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that the activation of factor X reached its maximum velocity. 
When factor VIII was omitted from the reaction mixture 
(Fig 1A, curve d), factor IXa activated factor X only at a low 
rate. To exclude the possibility of any nonspecific binding of 
the investigated factors to the culture wells, all components 
needed for factor X activation were incubated in empty 
wells, but in this case activation of factor X was not detected 
(not shown). 

Previously we found that VIII, in the presence of PL or 
platelets accelerates the formation of the IXa-VHI com- 
plex.''?> Curve b in Fig 1A illustrates that a similar phenom- 
enon occurs when the IXa-VHI complex is formed in the 
presence of HVEC. The addition of VHI, to the reaction 
mixture induced a more rapid increase in absorbancy already 
at the beginning of the reaction, thus indicating the acceler- 
ating effect of VIH, However, even with VIH,, the rate of 
activation of factor X was less in the presence of HVEC than 
that measured in the control experiment with PL and factor 
VHI without thrombin pretreatment (curve c, Fig 1A). 

It was assumed that the maximum velocity of factor X 
activation is reached after the assembly of factors [Xa and 
VIII in the complex. The kinetics of the formation of the 
IXa-VIH complex are shown in Fig 1B where the velocity of 
factor X activation in the course of the assembly of the 
iXa-VIII complex is illustrated. When the complex is 
formed with untreated factor VIH (Fig 1B, curve a) the 
maximum activity, ie, the production of 88 nmol/L Xa/min, 
is reached after 12 minutes’ incubation, whereas with YHE 
(Fig 1B, curve b) the maximum activity is measured after 
eight minutes. The accelerating effect of VIII, is most 
pronounced at the beginning of the reaction where a steady 
increase in the reaction rate is seen. In contrast to this, in the 
presence of untreated factor VIH, significant activation of 
factor X does not occur for two minutes. Control experiments 
carried out with PL suggest that under these conditions PL 
provides a more favorable surface for the formation of the 
IXa-VIH complex than do HVEC. With PL preparation, the 
maximum activity, ie, the production of 110 nmol/L Xa/ 
min, is reached after six minutes (Fig IB, curve c). 

It has to be pointed out that, although VIII, increased the 
rate of formation of the I[Xa-VII] complex, it did not 
influence the maximum activity of the fully fledged compiex. 
Irrespective of the state of factor VHH, the HVEC-bound 
complex produced 88 nmol/L Xa/min, ie, about 80% of that 
measured in the presence of PL. 

Effect of anti-VHI IgG on HVEC-bound factor VIH. 
The anti-VIH IgG used in our experiments inactivated factor 
VIH in solution as shown in Fig 2. When the antibody was 
added to the HVEC-bound complex after development of the 
maximum activity, the antibody appeared to be ineffective. 
This phenomenon suggests that the antigen determinants of 
the complex-bound factor VIH become masked and are not 
accessible for the specific antibody. 

The marked differences observed between antibody- 
induced inactivation of free and complex-bound factor VIH 
raised the question whether the complex of factors [Xa and 
VIII could be formed in the presence of anti-VIH IgG. As 
shown in Fig 3, when the antibody was added to the 
preincubation system at zero time, ie, at the beginning of 
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Fig2. Effect of anti-VIil IgG on the activity of factor VHI and on 
the HVEC-bound [Xa-VIll complex. Change of activity of 1 U/mL 
factor VIII at 37 °C in the presence of 5 BU/mL {x-— x} and of 10 
BU/mL (@—-@) anti-ViI:C IgG. The activity of the HVEC-bound 
complex is also shown in the presence of 10 BU/mL anti-VIl IgG 
{O-—-O) added when the maximum activity of the IXa-Vill complex 
developed. 


complex formation, the initial rate of factor X activation and 
the maximum activity of the complex decreased in propor- 
tion to the antibody concentration. When the antibody was 
added to the reaction mixture in the fifth minute of incuba- 
tion, the inhibitory effect was less pronounced; 60% of the 
maximum activity developed even after adding 10 BU/mL 
antibody (Table 1). These data suggest that in the fifth 
minute of complex formation a part of factor VIH present is 
already incorporated into the complex and only the free 
factor VIII is still accessible for the antibody. 


DISCUSSION 


It is generally accepted that some reactions of the clotting 
process take place on the membrane of aggregated platelets. 
Two consecutive enzyme complexes of coagulation, ie, the 
IXa-VIH and the prothrombinase complex, have been shown 
to be formed on the membrane of platelets. Recent 
investigations, however, indicate that the platelets are not the 
only cells that can provide a binding surface for the clotting 
factors. Bovine factors IX and X bind to bovine aortic 
endothelial cells with high affinity.’ The endothelial cell- 
bound factor IX can be readily activated by factors Xla and 
Vila.’ In the case of comparable cell numbers, the prothrom- 
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Fig 3. Formation of the HVEC-bound IXa-Vili complex in the 


presence of anti-Vill IgG. Five and 10 BU/mL anti-Vill IgG were 
added (arrows) to the reaction mixture at 12 minutes (——) or five 
minutes (—--—-——) of incubation and at time 0 (.--—----), ie, before 
the addition of factor Vill. (A) best-fitting curves of three experi- 
ments. (B) Time derivatives of experimental curves of {A}. 


VARADI AND ELODI 


Table 1. Maximum Activity of the IXa-Vill Complex Developed in 
the Presence of Anti-Vill Antibody 
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binase complex was found to be more efficient on the surface 
of bovime aortic endothelial cells than in the presence of 
activated thrombocytes.'” However, HVEC appear to be less 
convenient for the binding and functioning of clotting factors 
than the bovine aortic endothelial cells. The prothrombinase 
comple», for example, produces thrombin at a considerably 
lower rate on human venous cells than on bovine aortic 
cells.'° 

Our experiements with HVEC show that in the absence of 
factor WHI factor [Xa produces only 5 nmol/L Xa/min. 
When factor VIII was present. factor IXa produced 88 
nmol/L Xa/min after a ten- to 12-minute lag phase, ie, 
factor VIH increased the activity of factor [Xa about 18- 
fold. However, the maximum activity of the HVEC-bound 
[Xa-VI_I complex does not reach the value of 110 nmol/L. 
Xa/min measured in the presence of PL in control experi- 
ments. 

Our previous studies indicated that the rate-limiting step 
in the assembly of the IXa-VHI complex is the binding 
velocity of factor VIII.” The present data, however, suggest 
that the properties of the binding surface also have a marked 
influence on the rate of assembly of the complex. In the 
presence of HVEC, ten to 12 minutes was needed for the 
development of the maximum activity. Although VII, short- 
ened this time to eight to nine minutes, this rate of assembly 
is still considerably slower than that measured previously 
with platelets and VII, where the maximum activity devel- 
oped in one minute." 

Previously we found that in the presence of platelets 
complex-bound factor VHH had become protected from the 
effect of the specific anti- VIII antibody.’ A similar protec- 
tion was described in the case of PL-bound factor VII.” 

Our experiments with HVEC demonstrate that the protec- 
tion of the surface-bound VIH prevails in the presence of 
these cells too. In the experiments carried out with platelets, 
the presence of 2 BU/mL anti-VIH IgG prevented the 
formation of the IXa-VII] complex.'? In contrast to this, 
when the formation of the [Xa-VII complex was investi- 
gated on HVEC, 25% and 50% of the maximum activity 
developed in the presence of 10 and 5 BU/mL anti-VHI IgG, 
respectively. These results suggest that in spite of the rela- 
tively slow assembly of the complex the HVEC offers a more 
effective protection for factor VIH than the platelet surface. 

Althcugh our results and the data of Rodgers and Shu- 
man’ cemonstrate that both the IXa-VIH and the pro- 
thrombinase complex are formed in vitro on the surface of 
endothelial cells, the question arises whether HVEC-bound 
complexes play a role in physiological coagulation. The rate 
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of the assembly of the IXa-VIII complex is considerably 
slower on HVEC than that we have observed previously on 
the surface of platelets." This indicates that in physiological 
coagulation platelets probably play a predominant role in 
providing binding surface for the [Xa-VIII complex. If a 
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conclusion may be drawn for the in vivo processes from the 
data obtained with cultured cells, then it may be assumed 
that in the venous circulation the slow formation of the 
IXa-VHI complex on the surface of intact endothelial cells 
may contribute to the development of venous thrombosis. 
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Monoclonal Antibodies to Discrete Regions in a,-Plasmin Inhibitor 


By Jun Mimuro, Yukiya Koike, Yoshihiko Sumi, and Nobuo Aoki 


Three monocional antibodies to a,-plasmin inhibitor (a,PI) 
were characterized. The first, JTPI-1, was directed against 
the reactive site of a,Pl and inhibited antiplasmin activity 
by interfering with the formation of a,Pl-plasmin complex- 
es. The avidity of JTPI-1 to the preformed a,Pl-plasmin 
complex was markedly lower than that to free a,Pl, which 
made this antibody useful for measuring the free a,PI in 
plasma. The second, JTPI-2, recognized an epitope in the 
C-terminal fragment of a,Pi (11,000 daltons [11 K]) that 
was cleaved from a,PI by plasmin upon complex formation 
but remained noncovalently attached to the complex. How- 
ever, binding of JTPI-2 to a,Pl was not inhibited by the 
C-terminal 26-residue peptide containing the plasminogen- 


HE a, PLASMIN INHIBITOR (a,PI) is a physiolog- 
ical inhibitor of plasmin’” so that it acts as a major 
inhibitor of fibrinolysis in plasma.*” It inhibits a physiologi- 
cally occurring fibrinolytic process that follows fibrin forma- 
tion, thereby stabilizing hemostatic plugs.® Its congenital 
deficiency results in a lifelong severe hemorrhagic tendency.’ 
The a PI molecule has three functional domains: the reactive 
site for plasmin, the plasmin(ogen) or LBS-binding site 
(complementary to the LBS [lysine-binding site] of plas- 
min[ogen]), and the cross-linking site for fibrin. These 
functional properties of a,PI have been reviewed recently.‘ 
In the present study we have developed monoclonal antibod- 
ies to aPI, and the epitopes recognized by these antibodies 
have been characterized, particularly in reference to the 
functional domains. 


MATERIALS AND METHODS 


Purified protein. a,P1 was purified from human plasma by a 
previously described method.’ The concentration was determined 
spectrophotometrically using E}%,, = 7.03 at 280 nm.! 

Native Glu-plasminogen and modified Lys-plasminogen were 
purified from human plasma by affinity chromatography using 
lysine-sepharose followed by diethyl aminoethyl Sephadex ion- 
exchange chromatography as described." The concentration of plas- 
minogen was determined spectrophotometrically using E}*,, = 16.8 
at 280 nm.’ 

Human fibrinogen prepared according to the method of Blombäck 
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binding site and had no effect on the function of PI. 
These data suggested that JTPI-2 recognized an epitope 
between the C-terminal 26-residue peptide and the reac- 
tive site. The third, JTPI-3, bound the a,Pl-plasmin com- 
plex (150 K} as well as a@,Pi. Binding was inhibited by the 
N-terminal 12-residue peptide of & Pl, but factor XII- 
catalyzed cross-linking of a,PI to fibrin was not inhibited by 
JTPI-3. These results suggested that the antibody recog- 
nized an epitope near the N terminus. These three mono- 
clonal antibodies were useful for analyzing the mechanism 
of interaction between a,Pl and plasmin. 

© 1987 by Grune & Stratton, Inc. 


and Blombäck’? was further purified by removing contaminating 
plasminogen and plasma fibronectin from the preparation with 
lysine-Sepharose* and gelatin-Sepharose!' respectively. The concen- 
tration was determined spectrophotometrically using E, = 15.1 at 
280 nm, and the coagulatable protein was more than 95%. 

Plasmin was prepared by the activation of plasminogen using 
urokinase-coupled Sepharose 4B as described.’ Factor XIII was 
purified from human plasma by the method described by Curtis and 
Lorand.” Factor XII activity was assayed by the dansylcadaverine 
incorporation method as described by Lorand et al.” One unit of 
factor XIII is defined as the activity of factor XHI present in | mL of 
normal pooled standard plasma. 

Purification of the o,PI-plasmin complex. a P1-plasmin com- 
plex was prepared in an œa PI excess according to the method of 
Wiman and Collen.'*”” The @,PlI-piasmin complex was isolated 
using lysine-Sepharose as described. Sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE) of the complex 
showed protein bands at 150,000 daltons (150 K} and 11 K. The 
11-K fragment is the C-terminal fragment of œ PI, which was 
originally observed by Wiman and Collen" as an 8-K fragment that 
was cleaved from a,PI upon the a,PlI-plasmin complex formation 
but which remained firmly bound to the complex. This fragment 
could be dissociated from the complex only in the presence of 
denaturants such as SDS.” The a,PI-plasmin complex was also 
prepared by the same method using ‘I-labeled plasminogen, and 
the molar concentration of the complex was calculated from the 
radioactivity of the complex and the specific radioactivity of the 
original plasminogen used, assuming one-to-one molar complex 
formation. One umol/L of the complex was found to have an 
absorbance value of 0.157 at 280 nm. 

Synthetic peptides. The synthetic C-terminal 26-residue pep- 
tide of «PI (H-Gly-Asp-Lys-Leu-Phe-Gly-Pro-Asp-Leu-Lys- 
Leu-Val-Pro-Pro-Met-Glu-Glu-Asp-Tyr-Pro-Gln-Phe-Gly-Ser- 
Pro-Lys-OH) was a gift from the Research Institute, Daiichi 
Pharmaceutical Co (Tokyo). The synthetic N-terminal 12-residue 
peptide of «PI (H-Asn-Gln-Glu-Gin-Val-Ser-Pro-Leu-Thr-Leu- 
Leu-Lys-OH) was synthesized by solid-phase peptide synthesis 
using a peptide synthesizer, model 430 A (Applied Biosystems Inc, 
Foster City, CA). 

Reagents for monoclonal antibody production. The mouse 
myeloma cell line P3U1 was provided by Dr T. Watanabe, Kyushu 
University, Japan. The following reagents were purchased: Freund's 
adjuvants, polyethylene glycol 1540, and 2, 6, 10, 14-tetramethy! 
pentadecane (pristane) from Wako Chemical Co (Osaka, Japan); 
Dulbecco’s modified Eagle’s medium from GIBCO (Chagrin Falls, 
OH); fetal calf serum from Filtron (Victoria, Australia); and 


Biood, Vol 69, No 2 (February), 1987: pp 446-453 


MONOCLONAL ANTIBODIES TO a,-PLASMIN INHIBITOR 


hypoxanthine, aminopterin, thymidine (HAT), gelatine, diisopro- 
pylfluorophosphate and bovine serum albumin (BSA) from Sigma 
Chemical Co (St Louis). Other reagents were from Sigma or Wako, 
and were analytic grade. 

Monoclonal antibody production. Monoclonal antibodies 
against a,PI were produced according to the method of Kohler and 
Milstein.'® Four-week-old female BALB/C mice were immunized 
with human a,PI three times. First, 50 ug in complete Freund's 
adjuvant was injected intraperitoneally. Second, 50 yg in incomplete 
Freund’s adjuvant was injected intraperitoneally. Third, 30 wg in 
phosphate-buffered saline was injected intravenously. Spleen cells 
from immunized mice were fused with the mouse myeloma cell lines 
P3- x 63-Ag8-Ul (P3U1) by using 50% polyethylene glycol 1540. 
The fused cells were cultured in HAT media. Anti-a,PI antibody- 
producing cell lines, screened by an enzyme-linked immunosorbent 
assay (ELISA), were recloned by limiting dilution. Finally, each 
clone was injected intraperitoneally into BALB/C mice that were 
pretreated with pristane. Monoclonal antibodies were purified from 
the ascites fluid of the mice by affinity chromatography using 
protein A~sepharose CL 4B (Pharmacia Fine Chemicals, Tokyo) 
according to the standard method." 

ELISA. ELISA was performed essentially according to previ- 
ously described methods” and was used to screen antibody produc- 
tion of fused cells. œ, PI (5 pg/mL in 0.02 mol/L sodium phosphate 
and 0.135 mol/L NaCl, pH 7.4; phosphate-buffered saline)-coated 
polyvinylchloride microtiter plates (Titertek, Zwanenburg, The 
Netherlands) were first incubated with antibody sources at 37 °C for 
two hours and then with alkaline phosphatase—conjugated antimouse 
IgG rabbit IgG (1 g/mL) (Kikegoard & Perry Laboratory, Gai- 
thersburg, MD) at 37°C for two hours. The hydrolysis of p- 
nitrophenyl phosphate (1 mg/mL in 97 mmol/L diethanolamine, 
0.49 mmol/L MgCl, pH 9.8) by microtiter plate—bound alkaline 
phosphatase was monitored at 25°C using the ETY96 ELISA 
analyzer (Toko-Sokki, Tokyo). After each step the plates were 
washed with phosphate-buffered saline containing 1% BSA and 
0.05% Tween 20 (washing buffer) five times. ELISA was also used 
to assay œ PI or the a,PI-plasmin complex in a purified system as 
follows. Monoclonal antibody (solid-phase antibody, 10 ug/mL, in 
50 mmol/L carbonate buffer, pH 9.6)-coated microtiter plates were 
incubated with various concentrations of a,PI or the a,PI-plasmin 
complex in washing buffer at 37°C for four hours followed by 
alkaline phosphatase~conjugated monoclonal antibody (liquid- 
phase antibody) at 10 nmol/L in washing buffer at 37 °C for four 
hours. The enzymatic activity of each well was monitored as was 
described. The a,PI-plasmin complex in plasma was assayed using a 
modification of the method of Harpel.” Immunopurified polyclonal 
rabbit antibody to human plasminogen was used as a solid-phase 
antibody (20 pg/mL) and the alkaline phosphatase—conjugated 
monoclonal antibody JTPI-2 as a liquid-phase antibody (10 nmol/ 
L). A standard curve was constructed using purified a,PlI-plasmin 
complex. 

Radioviodination of protein. a,P1, plasminogen, and monoclonal 
antibodies were radioiodinated using immobilized lactoperoxidase 
glucose oxidase (Enzymobead, Bio-Rad Laboratories, Richmond, 
CA) and Na '”I (17 Ci/mg) (New England Nuclear, Boston). The 
concentration of radiolabeled protein was determined spectropho- 
tometrically. The antiplasmin activity of radiolabeled a,P! was 
measured as will be described in the section entitled “Effect of 
monoclonal antibodies on antiplasmin activity of æa PI” and was the 
same as that of native a,PI. 

Binding study of monoclonal antibodies. The avidities of '**I- 
labeled antibodies for œ, PI and a,PI-plasmin complexes were 
assessed by a solid-phase assay previously described by Frankel and 
Gerhard.” a,PI or the a,PI-plasmin complex was dissolved to a 
concentration of 100 nmol/L in phosphate-buffered saline. Each 
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well of the polyvinylchloride microtiter plate was coated with 100 uL 
of «,PI or the «,PI-plasmin complex and was incubated at 4 °C for 
16 hours. The plate was washed five times with washing buffer. 
Various concentrations of I-labeled antibodies were dissolved in 
washing buffer, 100 uL of each antibody solution was added to each 
well, and the plate was allowed to incubate at 37 °C for four hours. 
After the plate was again washed with washing buffer five times, the 
wells were removed from the plate, and each well was subjected to y 
counting using a y counter (Packard Institute, Downers Grove, IL). 
The radioactivities of BSA-coated wells incubated with the same 
concentrations of '* I-labeled antibodies were subtracted from the 
radioactivities of a,PI- or a,Pl-plasmin complex-—coated wells. The 
results for duplicate wells were averaged. The radioactivity found in 
each well was converted to the concentration of antibody bound. The 
concentration of free antibody was calculated from the total radioac- 
tivity of the antibody solution added to the well and the radioactivity 
of the antibody bound to the well. The dissociation constants of 
antibodies to a,PI or the a@,PI-plasmin complex were calculated 
from a modified Scatchard plot according to the method of Frankel 
and Gerhard.” The Sipsian heterogeneity constant for each mono- 
clonal antibody to a)PI was also calculated as described.” 

Agarose isoelectric focusing. Isoelectric focusing of monoctonal 
antibodies was performed using Multiphor (LKB, Bromma, Swe- 
den) at 4°C over a pH range of 3.5 to 9.0 with 2.5% ampholine 
(LKB) according to the method described in the instructions of the 
manufacturer. After electrophoresis, the gel was fixed, dried, and 
stained with Coomassie blue. 

SDS-PAGE. SDS-PAGE on a slab gel was carried out using a 
gradient separating gel of acrylamide (7.5% to 15%) containing 
0.1% SDS and a stacking gel of 4% acrylamide containing 0.1% SDS 
according to the method of Laemmli.” Molecular weight standards 
of myosin (200 K), phosphorylase b (94 K), BSA (67 K), ovalbumin 
(45 K), carbonic anhydrase (30 K), trypsin inhibitor (22 K), 
cytochrome c (12.5 K), and aprotinin (6.5 K) were obtained from 
Bio-Rad Laboratories and Boehringer Mannheim Gmb H (Mann- 
heim, West Germany). 

Immunoblotting technique. After separation by SDS-PAGE, 
the proteins were electrophoretically (50 V for 1.5 hours) transferred 
to nitrocellulose membranes (Bio-Rad) essentially as described™ 
using an electroblot apparatus (Marysol Industry Co, Tokyo) 
equipped with a cooling system (Multitemp, LKB). After transfer- 
ring, the nitrocellulose sheets were incubated in Tris buffer (0.02 
mol/L Tris, 0.5 mol/L NaCl, pH 7.5) containing 3% (wt/vol) 
gelatin at 25°C for two hours, washed twice with Tris buffer 
containing 0.05% Tween 20, and incubated in Tris buffer containing 
1% (wt/vol) gelatin, 0.05% Tween 20, and monoclonal antibodies 
(500 ng/mL) at 25 °C for 16 hours. The nitrocellulose sheets were 
then washed with Tris buffer containing 0.05% Tween 20, incubated 
with horseradish peroxidase—conjugated antimouse IgG goat anti- 
body (Bio-Rad) dissolved in Tris buffer containing 1% gelatin and 
0.05% Tween 20 at 25°C for two hours, washed twice with Tris 
buffer containing 0.05% Tween 20, and subjected to color develop- 
ment using 4-chloro-1-naphthol (Bio-Rad). 

Radioautography. After SDS-PAGE of the samples containing 
radioiodinated proteins, the slab gel was dried and then exposed to 
x-ray film (Lo-dose film, E.I. Du Pont de Nemours & Co, Wilming- 
ton, DE) in the presence of intensifying screens (Lo-Dose/2 mam- 
mography intensifying screen, Du Pont) for 48 hours at — 70 °C. 

Effect of monoclonal antibodies on antiplasmin activity of 
aP. Pl was mixed and incubated with various concentrations 
of monoclonal antibodies or buffered saline at 37 °C for 30 minutes 
and then at 4°C for 24 hours. Subsequently, 100 uL of the œ Pi 
(12.5 nmol/L) and 100 uL of plasmin (25 nmol/L) were mixed in 
500 alL of Tris-buffered saline (0.05 mol/L Tris, 0.1 mol/L NaCl, 
pH 7.4). After incubation for zero, 30 seconds, 2 minutes, 5 minutes, 
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and 30 minutes, 500 uL of S-2251 (plasmin-specific tripeptide 
substrate H-D-Val-Leu-Lys-p-nitroanilide, Daiichi Pure Chemicals, 
Tokyo) (2 mmol/L) was added, and the subsequent hydrolysis of 
S-2251 by residual plasmin was monitored using a DU-8 spectropho- 
tometer (Beckman Instruments, Fullerton, CA). The antiplas- 
min activity of a,PI preincubated with monoclonal antibody was 
expressed as a percentage of that of œ PIE without monoclonal 
antibody using the standard curve constructed from the activities of 
various concentrations of a,P1. 

Effect of monoclonal antibodies on cross-linking of a)PI to 
fibrin. ‘I-labeled a,PI was incubated with various concentrations 
of monoclonal antibodies or buffered saline at 37 °C for 30 minutes 
and then at 4 °C for 24 hours. Subsequently, 10 uL of the '* I-labeled 
a@,PI (700 ywe/mL), 10 uL of fibrinogen (20 mg/mL), 
10 uL of factor XIH {5 U/mL), 20 uL of thrombin (5 U/mL), and 
50 uL of Tris-buffered saline containing 5 mmol/L CaCl,, 2% BSA, 
and 20 U/mL aprotinin (Mochida Pharmaceuticals, Tokyo) were 
mixed and incubated at 37°C. Ten or 30 minutes later, the clots 
were squeezed with a stick and washed three times with Tris- 
buffered saline containing 2% BSA, 5 mmol/L EDTA, and aprotinin 
(10 U/mL).” The washed clots were then redissolved by heating at 
100°C in 8 mol/L urea, 2% SDS, and 10% 6-mercaptoethanol. 
From the radioactivity of the redissolved clot and the total radioac- 
tivity of each initial reaction mixture, the percentage of a,PI 
cross-linked to fibrin was calculated. 

Effect of monoclonal antibodies on the inhibition of plasminogen 
adsorption to fibrin by a,PI. a Pl was incubated with various 
concentrations of monoclonal antibodies or buffered saline at 37 °C 
for 30 minutes and then at 4 °C for 24 hours. Subsequently. 10 uL of 
the œ,PI (700 ug/mL), 10 uL of I-labeled Lys-plasminogen 
(2 mg/mL), 10 uL of fibrinogen (20 mg/mL), 20 aL of thrombin 
(5 U/mL), and Tris-buffered saline containing 2% BSA, 2 mmol/L 
EDTA, and 20 U/mL aprotinin were mixed and incubated at 37 °C 
for two hours. Clots were squeezed using a stick and washed three 
times with Tris-buffered saline containing 2% BSA, 2 mmol/L 
EDTA, and aprotinin (10 U/mL). The clots were redissolved by 
heating at 100 °C in 8 mol/L urea, 2% SDS, and 10% 8-mercaptoe- 
thanol. The adsorption of '*I-labeled plasminogen to fibrin was 
calculated from the initial radioactivity and the radioactivity of the 
redissolved clot.” The degrees of adsorption of '*°I-labeled plasmin- 
ogen at various concentrations of a,PI preincubated with mono- 
clonal antibodies were compared with those without monoclonal 
antibodies. 

Effect of synthetic peptides on the binding of a;P1 to monoclonal 
antibodies. Polyvinylchloride microtiter plates were coated with 
monoclonal antibody at 10 wg/mL in 0.05 mol/L carbonate buffer, 
pH 9.6, at 4°C and were further incubated with 0.05 mol/L 
carbonate buffer, pH 9.6, containing 1% BSA for two hours at 
37 °C. The plates were washed with washing buffer five times. 
1 Jabeled a,PI at the concentration of the half-saturated binding 
level for each antibody was mixed with various concentrations of the 
C-terminal or N-terminal peptide and was allowed to incubate in 
antibody-coated wells at 37°C for four hours. After washing, the 
wells were removed from the plates and were subjected to y 
counting. The binding of '**I-a,P1 with various concentrations of the 
peptides was expressed as the percentage of that without the 
peptides. 


RESULTS 


Hybridomas producing monoclonal antibodies against 
œ PI were isolated. After limiting dilution, 26 clones were 
shown to produce antibodies capable of binding to a,PI. 
Three clones were selected for further investigation and were 
named JTPI-1, JTPI-2, and JTPI-3. 
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The purified monoclonal antibodies from JTPI-1, JTPI-2, 
and JTPI-3 each showed a single band (isoelectric point) 
upon isoelectric focusing (Fig 1). The class and subclass of 
each monoclonal antibody were determined by an immuno- 
diffusion test using rabbit antibodies specific for murine 
immunoglobulins. The subclass of heavy chain and class of 
light chain for JTPI-1, JTPI-2, and JTPI-3 were yl - x, 
y2a +x, and y2b - x, respectively. 

The binding sites of the monoclonal antibodies to œ PI 
were investigated by immunoblotting (Fig 2). JTPI-1 bound 
«PI (67 K) but was not shown to bind the «,PI-plasmin 
complex (150 K) or the œ PI fragment (11 K) that was 
cleaved from a,PI upon complex formation. JTPI-2 bound 
PI (67 K) and the a,PI fragment (11 K}. It did not bind 
the a,PI-plasmin complex (150 K}. JTPI-3 bound a,PI (67 
K) and the a,PI-plasmin complex (150 K). It did not bind 
the a,PI fragment (11 K). When the a,PI-plasmin complex 
was incubated with a catalytic amount of plasmin, the 
complex (150 K) gradually lost its ability to bind JTPI-3 
(Fig 3B), although any change in its molecular weight was 
not apparent (Fig 3A). 

The effect of monoclona! antibodies on the antiplasmin 
activity of œ, PI was studied. The presence of a molar excess 
of JTPI-1 totally inhibited the antiplasmin activity of aPI, 
whereas JTPI-2 and JTPI-3 did not inhibit the antiplasmin 
activity of œ PI at all (Fig 4). A half-maximum inhibition of 
the antiplasmin activity of æ PI by JTPI-1 was obtained at 
the molar ratio (antibody:~,PI) of 0.3 (Fig 5), whereas 
neither JTPI-2 nor JTPI-2 showed any inhibition of the 
antiplasmin activity of a,PI even at a molar ratio of 100 
(Fig 5). 

During the inhibition of plasmin by a,PI, «PI reacts with 
plasmin to form an enzymatically inactive complex. This 
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Fig 1. isoelectric focusing of purified monoclonal antibodies. 
Twenty micrograms of each monocional antibody was subjected 
to agarose isoelectric focusing at 4 °C on a 3.5- to 9.0-pH gradient 
as described in Materials and Methods. A, B and C correspond to 
the antibodies JTP-1, -2, and -3 respectively. 
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Fig 2. Immunoblotting of &,PI and the a,Pi-plasmin complex 


using monoclonal antibodies to a,P!. Two hundred nanograms of 
a,PI (lane 1) or 400 ng of the a,Pl-plasmin complex (lane 2) were 
electrophoresed without reduction by SDS-PAGE on a slab gel 
with gradient (7.5% to 15%) acrylamide and 0.1% SDS, and the 
proteins were transferred to nitrocellulose membrane. Strips of 
the membrane were incubated with the respective monoclonal 
antibodies JTPI-1 (A), JTPI-2 (B), and JTPI-3 (C). The strips were 
then washed and incubated with peroxidase-conjugated anti- 
mouse IgG goat antibody, and color was developed with 4- 
chloro-1-naphthol as described in Materials and Methods. Arrow 
1, &,Pl-plasmin complex (150 K); arrow 2 a,PI (67 K); arrow 3, a,PI 
fragment (11 K). On the left is a molecular weight calibration scale 
constructed using molecular weight standards. 








Fig 3. Immunoblotting of the a,Pl-plasmin complex undergo- 
ing plasmic degradation. A quantity of 1 umol/L of the a,PI- 
plasmin complex was incubated with 20 nmol/L plasmin in Tris- 
buffered saline at 37 °C. After incubation for 2, 30, 60, and 120 
min, 10-uL aliquots were removed. The samples were subjected to 
SDS-PAGE (A) followed by immunoblotting using antibody JTPI-3 
(B) as described in Fig 2. 
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Fig 4. Effects of monoclonal antibodies on the antiplasmin 
activity of a,Pl. One hundred microliters of «PI (12.5 mmol/L) 
preincubated with monoclonal antibodies (125 nmol/L) and 100 ul 
of plasmin (25 nmol/L) were mixed in 500 ul of Tris-buffered 
saline and incubated at 25 °C. After various incubation periods, the 
residual plasmin activity was assayed as described in Materials 
and Methods. The amidolysis activities of plasmin without «,P! 
(O). plasmin with a,PI (O), plasmin with a,P! preincubated with 
JTPI-1 (@), and plasmin with a@,P! preincubated with JTPI-2 or 
JTPI-3 (W) were plotted. 


complex formation was observed by radioautography after 
SDS-PAGE using radioactive a,PI. This '*la,PI-plasmin 
complex (Fig 6, lane 2) gave rise to radioactive zones in the 
gel corresponding to the complex (150 K), a smear between 
the complex (150 K) and the modified a,PI (55 K), and 
modified a,PI (55 K). These zones were caused by dissocia- 
tion of «PI from the complex during electrophoresis. Com- 
plex formation was not seen when a@,PI was preincubated 
with a molar excess of JTPI-1 (Fig 6). When complex 
formation was inhibited by JTPI-1 a@,PI (67 K) was 
degraded to a 60-K molecule by the free unreacted plasmin 
(Fig 6). The binding of this degraded a,PI to monoclonal 
antibodies was examined by immunoblotting. The immuno- 
blotting showed binding of the degraded a,PI to JTPI-3 but 
did not show any binding to JTPI-2 (Fig 7). 

The influence of monoclonal antibodies on the cross- 
linking of «PI to fibrin and on the inhibitory activity of a, PI 
for plasminogen adsorption to fibrin was assessed. JTPI-1, 
JTPI-2, and JTPI-3 had no influence on these functions of 
a P1 even when the antibodies were used in a tenfold molar 
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Fig 5. Effects of various concentrations of monoclonal anti- 
bodies on the antiplasmin activity of œ,PI. The antiplasmin activity 
of &,PI preincubated with various concentrations of monoclonal 
antibody JTPI-1 (@), JTPI-2, or -3 (W) was assessed at zero-time 
incubation with plasmin as in Fig 4 and expressed as a percentage 
of that of a,PI without antibody. The activities of a,P! were plotted 
against the molar ratios of monoclonal antibodies to a,P! plotted 
on a semilogarithmic scale. 
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Fig 6. Radioautogram of the reaction products of plasmin and 
"**1-a,P! preincubated with monoclonal antibody JTPI-1. Twenty- 
five microliters of '**t-a,P1 (2 umol/L) preincubated with various 
concentrations of the antibody in Tris-buffered saline was mixed 
with 25 uL of plasmin (2 umol/ L). After five minutes’ incubation at 
37 °C, the samples were mixed with 0.125 mol/L Tris, pH 6.8, 
containing 2% SDS and heated at 100 °C for two minutes. The 
samples were subjected to SDS-PAGE and analyzed by radioauto- 
graphy as described in Materials and Methods. The first column 
(extreme left), native a,Pl; the second column, œ PI reacted with 
plasmin. From the third column to the right, a,P! preincubated 
with the antibody JTPI-1 in various molar ratios of JTPI-1/«a,Pl as 
indicated was reacted with plasmin. Arrow 1, a@,Pl-plasmin com- 
plex; arrow 2, native a@,Pl; arrow 3, degraded a,PI. On the left is a 
molecular weight calibration scale constructed using molecular 
weight standards. 


excess over «PI, Furthermore, a synthetic C-terminal pep- 
tide of a,PI (26 residues), which contains the plasmin(ogen) 
or LBS-binding site of a,PI, did not inhibit the binding of 
'*}-labeled a,PI to each monoclonal antibody-coated micro- 
titer plate (Fig 8). However, the N-terminal peptide (12 
residues), which contains the cross-linking site, inhibited the 
binding of '**I-labeled a,P1 to JTPI-3—coated microtiter 
plates (Fig 8). 

Dissociation constants (KD) for monoclonal antibodies to 
a,PI or the a,PI-plasmin complex were assessed to estimate 
the avidity of these monoclonal antibodies (summarized in 
Table 1). The dissociation constants for a,PI binding to all 
three monoclonals were the same, 1.54 to 2.89 nmol/L. The 
KDs for JTPI-2 and JTPI-3 binding to the a,PI-plasmin 
complex were also 2.59 to 3.17 nmol/L. However, the KD for 
JTPI-1 binding to the a,PI-plasmin complex was markedly 
higher, 10.6 nmol/L. Sipsian heterogeneity constants” for 
JTPI-1, JTPI-2, and JTPI-3 were essentially equal and were 
1.10, 0.99, and 0.99, respectively. 

ELISA of a,PI and the a,PI-plasmin complex was per- 
formed using JTPI-1 as a solid-phase antibody and alkaline 
phosphatase—conjugated JTPI-2 as a liquid-phase antibody. 
As shown in Fig 9, the enzymatic activities of plates 
increased proportionally to the a,PI concentration from 0.8 
to 3 nmol/L. But when the a,PI-plasmin complex was 
assayed in the same way, no enzymatic activities were 
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Fig 7. Immunoblotting of the reaction products of plasmin and 


a,PI pre ncubated with monoclonal antibody JTPI-1. Lane 1 con- 
tains co vtrol native a,Pl only. In lane 2, a,Pl preincubated with 
JTPI-1 et the molar ratio (JTPI-1/a@,Pl) of 1 was reacted with 
plasmin and subjected to SDS-PAGE as in Fig 6. Proteins trans- 
ferred to nitrocellulose sheets were reacted with JTPI-2 (A), 
JTPI-3 (B), or Tris-buffered saline (C) followed by incubation with 
enzyme-conjugated antimouse IgG goat antibody and color devel- 
opment as described in Materials and Methods. Arrow 1, native 
@,Pl; arrow 2, degraded a,PI. The multiple bands seen in upper 
portions of lane 2 were plasmin-digested monoclonal antibody 
JTPI-1 that was used for preincubation of œ,PI and reacted with 
enzyme-conjugated antimouse IgG antibody. On the left is a 
moleculer weight calibration scale constructed using molecular 
weight standards. 


detectec up to 5 nmol/L. The influence of the a,PI-plasmin 
complex on ELISA of a,PI was investigated. When a 
mixture of a fixed concentration of a,PI (2 nmol/L) and 
various concentrations of the a,PI-plasmin complex was 
assayed by ELISA in the same way, no significant increase in 
enzymatic activity caused by the presence of the complex 
was det2cted until the concentration of the complex was 
increased up to more than 5 nmol/L (Fig 10). 
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Fig 8. Effects of the synthetic peptides on the binding of 
monoclonal antibodies to a,PI. '**I-a,P! at the half-saturated level 
with various concentrations of synthetic C-terminal or N-terminal 
peptide was added to antibody-coated wells, and the plates were 
allowed to incubate at 37 °C for four hours. After washing, the 
wells were removed from the plates and were subjected to 7 
counting. Binding of '™l-a,PI to antibody-coated wells in the 
presence of the C-terminal peptide (JTPI-1 [@], JTPI-2 [W], JTPI-3 
[4]) or to antibody-coated wells in the presence of the N-terminal 
peptide (JTPI-1 [O]. JTPI-2 [O]. JTPI-3 [a]) was expressed as a 
percentaje of that in the absence of the peptide and plotted 
against the molar ratios of the peptide to a,P! plotted on a 
semilogarithmic scale. 
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Table 1. KD and Heterogeneity Constant {a} 








aP! aP l-Piasmin 

KD {mol/L} & KD {mol/L} 
JSTPt-1 2.18 x 1073 1.10 1.06 x 107° 
JTPI-2 2.89 x 10° 0.99 S47 x 10°" 
JTPI-3 1.54 x 107% 0.99 2.59 x 10°° 





The KD values for monoclonal antibodies to a,P! or the a,-Pl-plasmin 
compiex and Sipsian heterogeneity constants were calculated as 
described in Materials and Methods. 


Concentrations of a,P1 and the a,PI-plasmin complex in 
urokinase-treated plasma were assayed by ELISA using 
various antibodies for the solid-phase antibody (Fig 11). The 
concentration of the a,PI-plasmin complex (measured by 
ELISA using antiplasminogen for the solid-phase antibody) 
increased upon the addition of urokinase to the plasma, 
whereas the concentration of free a,PI (measured by ELISA 
using JTPI-1 for the solid-phase antibody) decreased. The 
total amount of a,PI (free a,PI plus the a,Pl-plasmin 
complex) remained constant (0.93 + 0.02 umol/L). When 
the experiment was repeated using JTPI-3 for the ELISA 
solid-phase antibody, the amount of a,P1 detected (JTPI-3 
detects free a PI and the a,PI-plasmin complex) remained 
unchanged upon urokinase treatment. 


DISCUSSION 


The plasmin(ogen) molecule has specific sites where it 
noncovalently binds to a,PI or fibrin. The sites are called 
LBS. Their complementary site in a,PI could be called the 
LBS binding site and is located in the region close to the 
C-terminal end. When a,PI inhibits plasmin, the initial 
reaction involves the binding of the LBS of plasmin to the 
LBS binding site of a,PI. This reaction is reversible. Then, a 
firm covalent bend is formed between the active-site serine 
residue of plasmin and the reactive-site leucine residue of 
a PI to generate the a,PI-plasmin complex. Upon complex 
formation, a C-terminal fragment, which is shown in the 
present study to be 11 K, is cleaved from œ,PI but remains 
noncovalently bound to the complex.’ The LBS binding site 
of a, PI not only acts during inhibition of plasmin but also 
inhibits adsorption of plasminogen to fibrin by competing 
with fibrin for plasminogen binding. Inhibition of plasmin- 
ogen adsorption to fibrin retards the initiation of the fibrino- 
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Fig 9. ELISA of a,Pl and 
the a,Pi-plasmin complex. a,Pl 
(O) or the a,Pi-plasmin com- 
plex {@) was assayed by ELISA 
using JTPI-1 for the solid- 
phase antibody and alkaline 
phosphatase—conjugated JTPI- 
2 for the liquid-phase antibody 
as described in Materials and 
Methods. The concentrations 
of a,Pl or the complex are on 
the abscissa, and the enzyme 
activity is on the ordinate. 
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Fig 10. influence of the 
a,Pl-plasmin complex on ELISA 
of a,P!. Mixtures of 2 nmol/L of 
a@,Pl and various concentra- 
tions of the a,Pli-plasmin com- 
plex were subjected to ELISA 
as in Fig 9. The concentrations 
of the complex are on the i = 
abscissa, and the enzyme activ- g 5 iG 
ity is on the ordinate. aP Plasmin (ap 
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lytic process.® On the other hand, «PI itself binds to fibrin 
during blood coagulation when activated coagulation factor 
XIII (transglutaminase) catalyzes a cross-linking reaction 
between œ PI and the a chain of fibrin.’ Studies have 
revealed that fibrin is mainly protected from plasmin attack 
by a,PI cross-linked to the a chain of fibrin” during the 
physiologically occuring fibrinolytic process. Thus, e, PI has 
three functional domains, the reactive site, the LBS binding 
site, and the cross-linking site. The reactive site is in the 
C-terminal region of a,P1."° The LBS binding site is close to 
the C-terminal end and is contained in the 11-K C-terminal 
fragment.'® The cross-linking site is the glutamine located in 
the second position from the N-terminal end.” In the present 
study, we have developed monoclonal antibodies to a, PI and 
have studied the epitopes recognized by these antibodies in 
relation to the functional domains of œ PI. 

From 26 clones that produced anti-a,PI antibodies, three 
clones were selected and were named JTPI-1, JTPI-2, and 
JTPI-3. Each antibody showed a single isoelectric point (Fig 
1) and consisted of one subclass of heavy chain and one class 
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Fig11. Assay of a,Pl and the a,Pi-piasmin complex in plasma. 
Various concentrations of urokinase were added to citrated 
plasma in vitro. After a one-hour incubation at 37 °C, aprotinin 
(115 U/mL) and diisopropyl fluorophosphate (1 mmol/L) were 
added to the plasma. Then the plasma was diluted 400-fold in 
washing buffer and assayed for a,Pl and the a,Pl-plasmin complex 
by ELISA as described in Materials and Methods. a,Pi assayed 
using JTPI-1 as a solid-phase antibody, ©; a,Pi assayed using 
JTPI-3 as a solid-phase antibody, à; a,Pi-plasmin complex assayed. 
using polyclonal antiplasminogen antibody as a solid-phase ami- 
body, ©. Alkaline phosphatase—conjugated JTP!-2 was used a 
liquid-phase antibody. Each point represents the mean + SE of 
triplicate determinations. 
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of light chain. These data in addition to the Sipsian hetero- 
geneity constants being approximately equal to | (Table 1) 
demonstrate the monoclonality of each antibody. 

When the binding site of JTPI-1 was analyzed by im- 
munoblotting, JTPI-1 bound native a,PI (67 K} but did not 
show binding to either the a,PI-plasmin complex (150 K) or 
the C-terminal fragment (11 K). When the binding of 
radiolabeled antibodies to solid-phase a,PI or a,PI-plasmin 
complex was analyzed, JTPI-1 was shown to bind the 
a PI-plasmin complex but with a markedly lower avidity 
than that for œ,PI alone; KD for the complex was five times 
higher than that for a,PI alone (Table 1). Since JTPI-1 
completely inhibits the antiplasmin activity of a,PI (Figs 4 
and 5) by interfering with the formation of a,PI-plasmin 
complexes (Fig 6), the epitope recognized by this antibody 
must be located either in the reactive site or in the region very 
close to the reactive site. Although JTPI-1 inhibits complex 
formation by blocking the reactive site of a,PI, the epitope 
for JTPI-1 on preformed a,PI-plasmin complexes remains 
available but has a markedly reduced affinity (increased KD 
value) for the antibody (Table 1). The increase in the KD 
value of JTPI-1 caused by a,PI-plasmin complex formation 
suggests that conformational changes occured in the epitope 
upon complex formation or that the plasmin molecule bound 
to œo PI became a steric hindrance, thus preventing access of 
the antibody to the epitope. 

When the '**I-a,PI plasmin complex was analyzed by 
SDS-PAGE (Fig 6), it gave rise to radioactive zones in the 
gel corresponding to the complex (150 K), a smear (55 to 150 
K), and the modified a,PI (55 K). These zones were thought 
to be caused by dissociation of the complex during SDS- 
PAGE performed by the procedure of Laemmli.” The 
similar dissociation of another complex (plasminogen activa- 
tor~plasminogen activator-inhibitor complex) during SDS- 
PAGE performed by Laemmli’s procedure has been 
reported.” 

When a,Pl-plasmin complex formation was inhibited by 
JTPI-1, plasmin that remained free rapidly degraded a,PI 
(Fig 6). The estimated molecular weight of the degraded 
a@,P1 was approximately 7 K less than that of œP}, and this 
degraded form of a;PI bound to JTPI-3 but not to JTPI-2 
upon immunoblotting (Fig 7). Since JTPI-2 recognizes an 
epitope in the C-terminal 11-K fragment (see the following 
paragraph), these findings suggest that free a,PI is very 
susceptible to plasmin degradation and that a susceptible 
bond is located in the C-terminal region of the molecule. 

JTPI-2 bound œ, PI and the a,PI-plasmin complex equally 
well (Table 1). Immunoblotting data showed that JTPI-2 
bound to the C-terminal 11-K fragment (Fig 2). The fact 
that JTPI-2 recognizes the C-terminal HI-K fragment in 
a«,PI-plasmin complexes as well as a,PI confirms the previ- 
ous finding that the C-terminal fragment cleaved from a,PI 
upon a,PI-plasmin complex formation remains firmly bound 
to the complex and can be separated only in the presence of 
denaturants such as SDS.” Although the C-terminal 11-K 
fragment contains the LBS binding site, the epitope recog- 
nized by JTPI-2 is separate from the LBS binding site for the 
following reasons: JTPI-2 did not inhibit either the binding 
of plasminogen to fibrin or the immediate-type antiplasmin 
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activity of «PI at all (Figs 4 and 5), and the C-terminal 
26-residue peptide that contains the LBS binding site (plas- 
minogen-binding site) failed to inhibit binding of the anti- 
body to a, PI (Fig 8). Thus the epitope for JTPI-2 seems to be 
located between the reactive site and the LBS binding site. 

JTPI-3 bound to a, Pl-plasmin complexes (150 K) and had 
no effect on the following functions of a,PI: antiplasmin 
activity (Figs 4 and 5), interference with plasminogen bind- 
ing to fibrin, and cross-linking to fibrin. Although JTPI-3 did 
not inhibit the cross-linking of a,PI to fibrin, the binding of 
JTPI-3 to a,PI was inhibited by the N-terminal 12-residue 
peptide (Fig 8) that contains the cross-linking site.” These 
results suggest that the epitope for JTPI-3 is located some- 
where between the cross-linking site, the glutamine in the 
second position from the N-terminal end, and the 12th- 
position lysine. When the a,PI-plasmin complex was incu- 
bated with plasmin, the complex gradually lost its capacity to 
bind JTPI-3 (Fig 3B), although any change in its molecular 
weight was not appareni (Fig 3A). These findings together 
with the suggestion that JTPI-3 recognizes the N-terminal 
region of a@,PI may support the proposal that plasmin 
degrades the complex by cleavage of a peptide near the 
N-terminus of the a,PI component of the complex. $” 

The markedly lower affinity of JTPI-1 to the a,PI-plasmin 
complex than to free œ,PI (Table 1) provided the ability to 
measure free a,PI without significant influence from the 
a,Pi-plasmin complex (Figs 9 and 10). In dilute plasma 
(1:400 dilution) the concentration of the a,PI-plasmin com- 
plex (<2.5 nmol/L) is below the range of detection for 
JTPI-1. Therefore an ELISA to the dilute plasma similar to 
that used in Fig 9 should detect only free a,PI. 

When plasma is treated with urokinase, the plasmin that is 
generated immediately forms complexes with œ PI At low 
concentrations of urokinase, a,PI-plasmin complex forma- 
tion is proportional to the concentration of urokinase.” 
Figure 1] demonstrates that the concentration of the a,PI- 
plasmin complex (detected by antiplasminogen) increased 
upon urokinase treatment, whereas the concentration of free 
a PI (detected by JTPI-1) decreased. The total amount of 
a,PI (free a PI plus the a,PlI-plasmin complex) remained 
constant. Additionally, when the same plasma samples were 
assayed using JTPI-3 for detection (JTPI-3 detects both free 
& Pl and the a,PI-plasmin complex), the amount of a,PI 
detected was not influenced by urokinase treatment (Fig 11). 
These results indicate that under appropriate conditions the 
level of a,PI detected by JTPI-1 represents free «PI. 

Currently available immunologic assays for a,P! (such as 
single radial immunodiffusion, electroimmunoassay, and 
ELISA using polyclonal antibodies) measure not only a,PI 
but also the a,PI-plasmin complexes. In this respect, the 
present method for detection of free a,PI has a definite 
advantage because it allows an accurate determination of the 
a,PI concentration in plasma from patients such as those 
with disseminated intravascular coagulation or receiving 
thrombolytic therapy in whom the levels of the a,PI-plasmin 
complex in plasma are often markedly increased.* The 
combination of an ELISA that measures free «PI (detection 
by JTPI-1) and an ELISA that measures the a,Pl-plasmin 
complex (detection by antiplasminogen) allows accurate 
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information to be determined about the behavior of a,PI in 
various disease states. 
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Epidemiological Investigation of the Prevalence of von Willebrand’s Disease 


By Francesco Rodeghiero, Giancarlo Castaman, and Enrico Dini 


To evaluate the prevalence of von Willebrand's disease 
(vWd) we carried out an epidemiological investigation 
among school children of the Veneto region in northern 
Italy. A total of 1.218 of 1,281 possible children partici- 
pated in the study. They were 11 to 14 years of age, and all 
attended secondary schools in two distinct small areas, 70 
km apart, between which there is no social contact. A 
blood sample was taken from each subject for determina- 
tion of the blood group and von Willebrand factor (vWf) 
level (measured as ristocetin cofactor and expressed in 
IU/dL after calibration of the internal pool against an 
international standard), and the parents were given a 
questionnaire concerning hemorrhagic symptoms in the 
members of the family in the last three generations. 
Separate normal ranges were calculated for blood group O 
and non-O subjects (1,166 children and 289 adults) with a 
nonparametric method because the distribution curves of 
the reference values did not fit the gaussian distribution. 


ON WILLEBRAND'S DISEASE (vW4d) is an autoso- 
mally inherited disorder resulting from a quantitative 
or a qualitative defect of von Willebrand factor (vWf).' This 
protein circulates in plasma complexed to factor VIH (VEII/ 
vWf complex) and is required for the normal adhesion of 
platelets to subendothelium? and for in vitro ristocetin- 
induced platelet aggregation.’ Clinical expressions of the 
disease are variable. In addition to severe cases requiring 
replacement therapy to stop or prevent hemorrhages, there 
are mildly affected patients. Furthermore, some subjects 
carrying the mutant gene have no hemorrhagic symptoms.** 
The mutant gene has multiple phenotypic effects consist- 
ing essentially of a prolonged bleeding time and reduced 
factor VHI/vWf complex—related activities (factor VIH 
coagulant activity, vWf antigen, ristocetin cofactor activity 
of vWf).° The bleeding time and VIII /vWf-related activities 
can be easily measured by laboratory tests, but the diagnosis 
of this disorder may be difficult because the laboratory data 
may overlap with the normal range and fluctuate with time 
in a given patient.’ Recently, the identification by multimeric 
sizing techniques of qualitative variants of vWd has added to 
the complexity of the diagnosis.*"” 
So far, the prevalence of vWd has been estimated only 
from the cases registered at specialized centers and indicates 
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Diagnoses of vWd were considered only for children who 
had low «Wf levels and were members of a family with a 
convincirg bleeding history (case of “probable vWd’’). A 
final diagnosis was assigned if, in addition to these criteria, 
at least cne other family member on the side with hemor- 
rhagic history had a low vWf level. Of the 1,218 children 
examined, ten were classified as having vWd (0.82%). 
Taking into account the 90% confidence interval for the 
lower limit of the normal range, this figure could range 
from 7 (0.57%) to 14 (1.15%). All these subjects were 
mildly to moderately affected and presented features of 
heterozygous classic vWd (type |). Affected subjects were 
distributed evenly in the two areas examined. Our results 
suggest that the prevalence of vWd might be much higher 
than previously reported and that a different screening 
approach might be of use for patients with mild bleeding 
diathesis 
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a prevalence similar to or even lower than that of hemophil- 
ia.'*'® This paper reports the results of an epidemiological 
investigation of 1,218 children attending secondary school in 
two distinct areas of North Italy. 


MATERIALS AND METHODS 


Subjects, All 1,281 children aged 11 to 14 attending the three 
grades of secondary school in two distinct areas of the Veneto region 
(Province of Vicenza) were asked to participate in the investigation. 
The first area consists of two small neighboring towns 30 km north of 
Vicenza (Santorso and Piovene Rocchette, | 1,676 inhabitants), and 
the second consists of two small neighboring towns 40 km south of 
Vicenza (Foiana Maggiore and Noventa Vicentina, 11,638 inhabi- 
tants). The possibility of investigating all resident children, the 
adequate s ze of the sample, and the administrative facilities caused 
us to choose these particular areas. Moreover, less than 10% of the 
two populations had a common ancestor, as judged by an analysis of 
family names, so that the two areas can be considered to be 
independent samples. Parents and physicians in charge of the 
children were given detailed information about the purpose and 
methodology of the investigation. All children for whom parents had 
provided written consent were admitted to the study. 

Hemorrhagic symptoms were investigated through a question- 
naire cons sting of four sections that concerned the child under 
investigation, or her siblings, the father and his sibship and parents, 
and the mother and her sibship and parents. Specific symptoms 
investigated included epistaxis, hemorrhage after tooth extraction, 
hemorrhage after surgery, prolonged bleeding after superficial cuts, 
menorrhagia, postpartum hemorrhage, and easy bruising. Families 
for which a hemorrhagic history could be suspected were interviewed 
to get more detatled descriptions of reported bleeding episodes and 
additional nformation about relatives not specifically investigated in 
the questionnaire. Each symptom was recorded only when suffi- 
ciently fully reported and of not trivial importance. Easy bruising 
was considered only for male adults and menorrhagia and postpar- 
tum hemorrhage only when specific causes could be reasonably ruled 
out. Subjects complaining of epistaxis, whenever possible, were 
examined to exclude Rendu-Osler disease. A subject was recorded as 
definitely positive if at least two hemorrhagic symptoms were 
present. A family was recorded as positive if at least two members of 
the genetic line were positive. Laboratory investigation was offered 
to all available members of these families. The questionnaire 
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answers and interviews of family members were examined by one of 
us before the laboratory results were known. 

Laboratory investigations. Blood was taken by venipuncture 
with a 19-gauge needle in the infirmary of each school between 8:30 
AM and 10:00 AM after the subjects had been resting for at least 30 
minutes. The samples were placed in precoded tubes and transported 
in refrigerated boxes to our laboratory within two hours. Repeat 
blood samples were taken 2 to 4 months later from all children of 
hemorrhagic families, and samples were also obtained from as many 
family members as possible. 

Blood cell counts were made on EDTA-anticoagulated blood 
using an electronic counter (Coulter Counter IV Plus, Coulter 
Electronics, Hialeah, FL). ABO blood groups and Rh typing were 
determined using standard slide methods; secretors were identified 
by a saliva test. Blood for coagulation tests, collected in 3.8% sodium 
citrate (1:10), was centrifuged at +4°C (15 minutes at 1,500 g) 
immediately after arrival at our laboratory, and platelet-poor 
plasma was deep-frozen and stored at — 80 °C. 

The ristocetin cofactor activity of vWf was measured essentially 
according to the method of Macfarlane et al.” The rate of agglutina- 
tion of formalin-fixed washed platelets to ristocetin (final concentra- 
tion, 1.5 mg/mL) was measured by calculating the slope of the 
steepest part of the agglutination curve (Chrono-Log Corp aggre- 
gometer, Havertown, PA). Four dilutions of local standard plasma in 
buffered saline (1:1 to 1:8) were assayed in reverse order, at the 
beginning and at the end of each set of measurements, and the 
reference curve was calculated on the average of the rate of 
agglutination of each dilution. No significant temporal drift 
occurred if the assay was completed within two hours. Each sample 
was assayed at three different dilutions and its potency in terms of 
the local standard plasma calculated by fitting a straight line 
parallel to the reference line. When major departures from parallel- 
ism were observed, the sample was retested. Two samples, one with 
normal and the other with low ristocetin cofactor activity, were 
included in each set of measurements; the interassay variability of 
both samples was less than 10%. The coagulant activity of factor 
VIH (VIIEC) was measured using a one-stage method based on the 
activated partial thromboplastin time (Actin reagent, Dade, 
Aguada, Puerto Rico) and a dilution of the test plasma in hemophilic 
plasma from patients with an unmeasurable VIIE:C level.” vWf 
antigen was measured by the Laurell electroimmunoassay technique 
using a polyclonal antiserum anti-vWf antigen from Behringwerke 
(Marburg, West Germany).”” The ratios of the potency of the 
samples to the local standard plasma were calculated as in the 
ristocetin cofactor assay. 

The local standard plasma, plasma from 98 healthy hospital staff 
members, was collected on a single morning and pooled. The same 
local standard, stored at —80 °C, was used throughout the study. It 
was calibrated for factor VHC, vWf:Ag, and ristocetin cofactor 
activity against the First International Reference Preparation for 
Factor VIII Related Activities in Plasma (IRP) (kindly supplied by 
Dr T.W. Barrowcliffe, National Institute for Biological Standards 
and Control, London). Calibrations, three at the beginning and three 
at the end of the study, were made as suggested by Kirkwood and 
Snape.” The local plasma standard and the lyophilized IRP were 
diluted in plasma severely deficient in vWf for the purpose of 
calibrating ristocetin cofactor activity. The potency estimations were 
combined by taking a weighted geometric mean, the weights being 
inversely proportional to the variances of the log potency estimates. 
The ristocetin cofactor activity of vWf in plasma is simply referred 
to as “vWf” in the text. The multimeric composition of factor 
VIH/vWf was analyzed in the laboratory of Professor Mannucci 
(Milan, Italy), as previously published.”! 

Definition of the normal range of vWf. Values of vWf obtained 
from children without a family history of hemorrhage were used for 
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the definition of the normal range of vWf. An analysis of the 
variance and the Newman-Keuls test” showed significantly lower 
level of vWf in blood group O subjects. Separate normal ranges were 
calculated for O and non-O subjects. The values were not normally 
distributed and showed significant positive kurtosis and skewness. 
Several transformations including log, square root, and inverse 
hyperbolic sine did not correct all kurtosis and skewness, and the 
Kolmogorov-Smirnov test” showed significant deviation from nor- 
mality. Normal ranges were defined by calculating 2.5 and 97.5 
percentiles by a nonparametric method.” A 90% confidence interval 
for each end point thus obtained was calculated on the basis of a 
binomial probability distribution.’ All reference values were 
included because no outliers were found. The normal range af vWfin 
adults was defined in 289 subjects of both sexes aged 19 to 65 
without a personal or family history of hemorrhage and who were not 
taking contraceptive drugs. One hundred twenty-four of them were 
regular blood donors, 98 were healthy hospital staff members, and 
67 were teachers or employees of the schools. 

Criteria for the diagnosis of vWd. The diagnosis was considered 
only for subjects belonging to a family recorded as positive for 
bleeding history. Subjects satisfying this criterion and also having 
vWf levels below the normal range were classified as cases with 
“probable vWd.” A definite diagnosis of vWd was considered when 
at least one other member, on the hemorrhagic side of the subject's 
family, had a low vWf level. 


RESULTS 


The potency ratios of the local standard relative to the 
international standard measured at the beginning and at the 
end of the study 18 months later showed similar potencies. 
Potency estimations were combined and assigned to the local 
standard plasma (Table 1). 

A total of 1,218 children participated in all stages of the 
research, with similar rates of participation in the areas 
north (594/620) and south (624/661) of Vicenza; the male- 
to-female ratio was 1.01. Among the questionnaires, 202 
were selected because one or more of the reported episodes 
could be regarded as hemorrhagic. Parents of children of 
these families were interviewed. In this way, 49 families (21 
north and 28 south of Vicenza) could be classified as positive 
(107 members with two or more hemorrhagic symptoms). 
Epistaxis accounted for 39% of the 268 identified symptoms, 
followed by bleeding after tooth extraction (20%), menor- 
rhagia (18%), postpartum hemorrhage (8%), prolonged 
bleeding after superficial cuts (4%), after tonsillectomy or 
adenoidectomy (4.5%), after surgery (3.5%), easy bruising 
(2%), and other manifestations (1%). Values of vWf in the 


Table 1. Potency Ratios of Local Standard Plasma Relative to the 
International Standard for Factor Vill/vW*—Related Activities 


brett nen bet ina ne 











At the Beginning At the End 
of the Study of the Study Combined Potency 
{3 Calibrations} (3 Calibrations) {6 Calibrations) 
Test Mean 95% CL Mean 95% CL Mean 95% CL 
vWf 1.07 0.97-1.16 1.08 0.96-1.19 14.07 1.01-1.13 


VIEC 0.93 0.78-1.07 0.86 0.76-0.94 0.89 0.83-0.94 
VWEAg 1.11 0.94-1.31 1.03 0.89-1.19 1.06 0.97-1.15 





Student's t test did not show statistically significant differences — 
between potency ratio values found at the beginning and at the end of the 
study for each activity. 

Abbreviation: CL, confidence limits. 
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children of these families (52 subjects, 24 male and 28 
female) were treated separately and normal ranges calcu- 
lated from the remaining 1,166 children. 

Subjects of group O had a significantly lower mean vWf 
value than subjects of group A, B, or AB (P < .001; New- 
man-Keuls multicomparison test) (Table 2). The age distri- 
bution of vWf levels was independent of sex, Rh phenotype, 
secretory status, or area of residence. In 289 adults, vWf was 
also similarly lower in group O subjects, whereas no signifi- 
cant differences were observed in relation to sex or Rh 
phenotype. Only in subjects of group O was there a signifi- 
cant correlation with age (r = .33; P < .001). Table 2 shows 
the mean values and normal ranges of vWf for children and 
adults of O and non-O groups. A correction for age in group 
O adults was not done. 

Figure | shows the distribution of vWf levels in the 52 
children belonging to families with hemorrhagic histories. 

Six subjects of group O and four of group non-O fell below 
the 2.5 percentile. Fourteen children had vWf levels below 
the upper limit of the 90% confidence limits (nine of group O, 
five of group non-O), and seven were below the lower limit 
(three of group O, four of group non-O). Subjects of group O 
in the normal range seem to be clustered near its lower end. 

Table 3 lists the laboratory findings and hemorrhagic 
symptoms in the 14 children with low vWf levels and their 
symptomatic family members. 

Six children (four to nine according to the 90% confidence 
interval of the 2.5 percentile) could be definitely classified as 
having vWd because other family members had vWf levels 
below the normal range, whereas for another four (three to 
five) the diagnosis of vWd was “probable.” Similar preva- 
lence of the disease was found in the two areas. VWd was 
more frequent in females (eight of 14) and in O group 
children (nine of 14), (P values, .091 and .105, not signifi- 
cant). VWF was below the normal range in nine of 24 
relatives in whom it was measured (38%). 

The strict correlation between vWf and vWf:Ag and 
between vWf and VHEC (in both cases r = 83, P < .001) 
suggests that these subjects may have type I vWd. This was 
confirmed by multimeric analysis of all affected children. 
VWF levels in these subjects are distributed around half of 
the normal value, as would be expected in heterozygotes of 
an autosomal dominant trait. A clear hemorrhagic story 
could be traced in all families, and symptoms, present in all 
the children, appeared to be transmitted in an autosomal 
dominant fashion. 


Table 2. Distribution of the vWf Level in Norma! Subjects 








vWf Level (lU/dL) 

Blood Mean 2.5 Percentile 97.5 Percentile 

Subjects No. Group {Range) {80% CH {90% Cl} 

Children 510 0 99.7 61.0 149.8 
(37.4-177.6) (55.6-66.3) (145.5-154.1) 

656 Non-O 115.8 77.0 164.0 
(43.9-230.0) (76.0-81.3) (156.2-175.5) 

Adults 121 0 88.7 51.8 118.8 
{46.0-123.1) {(46.0-54.9) {(116.6-123.1) 

168 Non-0 110.6 75.1 167.6 
(69.5-203.0) {69.5-81.3) (144.5-203.0) 





Abbreviation: Ci, confidence interval. 
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Fig 1. Distribution of vWf fevels in the 52 children belonging 


to hemorrhagic families. Normal ranges ( } and 90% confi- 
dence intervals (----) around the lower and upper end points are 
indicated. 





Repeat blood samples were obtained from 44 of the 52 
children of hemorrhagic families 2 to 4 months after the first 
investigation. The mean values of vWf were the same as 
before (87.9 v 88.2), with a mean difference between first 
value and second values for each subject of 11.8 + 9.5. The 
vWf values of the second samples confirmed the diagnoses 
for 12 of the 14 children, and four additional cases of vWd 
were detected. 


DISCUSSION 


The criteria for the diagnosis of vWd used in this investi- 
gation were conservative and aimed at reducing to a mini- 
mum the rate of inclusion of false-positive subjects. Subjects 
belonging to hemorrhagic families that had vWf below the 
normal range were recorded as cases of “probable vWd.” 
Definite diagnoses were made only when, in addition, at least 
one other member with low vWf could be found among 
relatives on the hemorrhagic side of the family. 

Diagnostic criteria {laboratory and clinical), The lower 
normal limit of the vWf level was chosen as the value below 
which lie 2.5% of normal subjects and was defined on the 
basis of the values found in more than 1,000 normal subjects. 
Because the vWf distribution showed a positive kurtosis and 
skewness that was not completely removed by several trans- 
formations, we used a nonparametric method for the defini- | 
tion of the 2.5 and 97.5 percentiles and the 90% confidence — 
intervals around these limits. Nonparametric methods make 
no assumption about the type of distribution of the reference 
values and are thus more precise and recommended in 
situations that differ from the ideal model of normality.’**6 
Homogeneity between the reference and investigated groups 
was assured because both were drawn from the same popula- 
tion of children. Moreover, because vWf was found to be 
lower in group O subjects, separate normal ranges were 
calculated for O and non-O subjects. Uniformity of measure- 
ment of vWf during the study was guaranteed by using a 
single reference standard that showed no loss of potency 
relative to the international standard (Table 1) and by 
performing the vWf assay shortly after sample collection. No 
changes in vWf levels were found in relation to the time of 
blood sampling. 


EPIDEMIOLOGY OF VON WILLEBRAND'S DISEASE 


Table 3. Laboratory Findings and Hemorrhagic Symptoms in the Children Classified as Affected by vWd and Their Relatives 


Children Under investigation 


Blood vWF vWF: Ag VHC 
No Sex Area Group HU/dL} 
1 M N O 8*+ 5 7 
2 F S $ 50*ł+ 38 50 
3 M N O 51*# 51 53 
4 M N O 56+ 53 37 
5 F S 0 56+ 63 40 
6 F N Q 58t 53 54 
7 F N 0 64 50 46 
8 M N O 64 53 57 
9 F N Q 64 36 36 
10 F S A 59° + 54 57 
11 F S A 62*+ 68 56 
12 F S A 67*+ 54 60 
13 F S A 67*+ 50 64 
14 F S B 78 72 61 
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Family Members 
Bieeding feeding 
Diagnosis Symptoms Members vWF GU/dL)  Symptomsi 
D afg Mother 21 abcdeg 
Sister 19 afg 
Uncle ND abg 
D ab Mother ND abdefg 
Uncle 64 ab 
Brother ND a 
Grandmother ND ac 
Cousin 59 a 
P ag Father NV ab 
Cousin ND ad 
D a Mother 48 acg 
Sister (see case 7} 
Grandmother NV ac 
p abfg Mother NV abf 
Brother NV a 
D ac Mother NV a 
Sister 48 ac 
Aunt 53 ad 
D a Sister of case 4 
D ag Mother NV acdeg 
Brother 53 a 
Aunt ND ac 
D a Father NV a 
Brother 49 ab 
Brother NV a 
Aunt ND ac 
D a Father {uncle, case 2) 
Cousin (see case 2) 
Aunt (mother, case 2) 
P acg Mother NV be 
P ab Mother NV ab 
D c Sister 56 ac 
Mother NV acg 
Aunt NO e 
Cousin NV a 
p a Mother NV abce 
Sister NV a 
Brother ND ad 


VIEC and vVWi:Ag determined in 60 normal children ranged 56 to 182 and 53 to 188 respectively. 


Abbreviations: NC. not done: NV, normal value. 


*Below the lower limit of the 90% confidence interval of 2.5 percentile. 


+Below the 2.5 percentile. 


ta, epistaxis; b, bleeding after tooth extraction; c, menorrhagia: d, bleeding after surgical procedures: e, postpartum hemorrhage, f, prolonged 
bleeding after superficial cuts; g, easy bruising (considered for the purpose of defining hemorrhagic diathesis only in male adults). 


Conservative criteria were used for the definition of hem- 
orrhagic diathesis, and two or more positive members were 
required to consider a family as positive. The frequency of 
“bleeders” in the general population is unknown, but using 
criteria less strict than the ones adopted in this study, Miller 
et al” were able to classify as symptomatic as many as 23% 
of normal subjects, a figure that would undermine the 
discriminant power of this parameter. In contrast to their 
data, only 26 children (2%) and only 107 relatives among the 
approximate 14,000 for whom we had direct or indirect 
information through questionnaires and interviews were clas- 
sified as positive. In this way, a total of 52 subjects (from 49 
families) out of 1,218 investigated were recorded as 
belonging to hemorrhagic families. 


The a priori probability of a child being a member of a 
hemorrhagic family is thus .042 (52/1218), which, when 
multiplied by .025 (the probability of false-positive classifi- 
cation on the basis of vWf measurement), yields a probabil- 
ity of about .001 of a “normal child” being falsely classified 
as a case of “probable vWd.” The probability of misclassifi- 
cation is, of course, greatly reduced in the presence of other 
relatives with low vWf levels, and in this case it seems 
appropriate to consider the diagnoses as definite. 


Epidemiology of vWd. Among the 1,218 children inves- ; 





tigated, ten were classified as affected (four cases as “proba- 
ble vWd,” six cases as definitely proven). More precisely, 

taking into consideration the 90% confidence interval of the 
lower end point of the normal range (in fact, all the values in 
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this interval have identical significance), there would be from 
seven (three “probable cases,” four definite cases) to 14 (five 
“probable cases,” nine definite cases). The calculated preva- 
lence of vWd in our population is thus estimated to be 
between 0.57% and 1.15% (Table 3). All these subjects 
appear to be heterozygous and to have inherited the disorder 
in an autosomal dominant fashion. The phenotypic and 
laboratory characteristics and multimeric composition were 
those of classic vWd (type 1). 

A theoretical prevalence of 25 of 1,000,000 homozygotes 
is anticipated according to the Hardy-Weinberg equation on 
the basis of 1% heterozygotes in the population, but a 
possible genotypic heterogeneity of classic vWd, unrecog- 
nized by our methodology, would make the Hardy-Weinberg 
equation” inapplicable. Nevertheless, homozygous patients 
for the classic type | dominant vWd are likely to be more 
frequent than homozygotes for type HI recessive vWd, who 
are estimated to be between 0.11 and 0.55 out of 1,000,000 in 
Europe” and 3.1 and 3.2 out of 1,000,000 in Sweden and 
Israel." Thus, in diagnosing type IH vWd, one has to be 
very careful that the propositus is not the offspring of two 
nonmanifesting type I patients because rare instances are 
known in which severely affected cases were born of asymp- 
tomatic type I vWd parents.” 

Although repeated measurements of vWf in patients with 
vWd may yield variable results,’ the classification of cases in 
this investigation showed little dependence on repeating the 
vWf assay. In fact, 12 of the 14 subjects had their diagnoses 
confirmed by the second value. Moreover, four additional 
children would have been detected by considering the lowest 
value found in the two determinations. 

An assay for vWf (ristocetin cofactor activity) was found 
to be the single most usefu! test for identification of transmit- 
ters and symptomatic members in kindreds with the dis- 
ease’? In this study a vWf assay was preferred to other 
tests such as a vWf antigen (vWf:Ag) on the basis of this 
consideration and because variant forms of vWd are known 
in which vWf:Ag is normal or near normal. Nevertheless, 
Miller et al” could identify only 42% of the transmitters by 
the vWf assay in two large kindreds with classic vWd. In 
several large kindreds with classic vWd by using separate 
normal ranges for O and non-O subjects, we were able to 
identify about 50% of the transmitters (data not published), 
and in reasonable accord with these figures, in this study we 
were able to identify as transmitters about 40% of the 
hemorrhagic relatives in families of children with low vWf. 

Considering the limitations of the vWf assay for diagnosis 
and the conservative criteria for the definition of hemor- 
rhagie diathesis, probably 50% or more of vWd cases could 
go unrecognized with a methodology like the one used in this 
study (false-negative subjects). Nevertheless, the prevalence 
of vWd found in this investigation is much higher than the 
prevalence previously estimated from cases registered at 
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specialized centers, which appeared to be similar to or even 
lower?" than that of hemophilia.” This method of calcu- 
lating the prevalence of a disease with highly variable clinical 
expression is unreliable. Moreover, the significantly lower 
level of ristocetin cofactor activity (this study) and vWf 
antigen in subjects of group O**** leads to an overestimation 
of vWd in O subjects and to an underestimation in non-O 
subjects unless strictly defined normal! ranges are used. 

Although the two geographic areas investigated here can 
be regarded as independent samples, almost identical preva- 
lences of vWd were found. Hence, because these areas do not 
present particular features, we think that the prevalence of 
vWd estimated in this study can apply to the Caucasian 
population in general. However, in extrapolating the preva- 
lence found in children aged 11 to 14 to subjects of all ages 
we must consider a possible bias in the upward direction. In 
fact, children from larger families have a greater probability 
of being included, and thus there is a potential “founder 
effect.” Actually, only one family among those who contrib- 
uted with positive cases had additional children (either 
positive or negative) included in the study. Thus, although 
subjects 4 and 7 in Table 3, who are siblings, should be 
considered as a single case, this does not substantially change 
our prevalence estimation. 

Practical implications. Assuming a 2% prevalence of 
subjects carrying the mutant gene for vWd in the population 
and a 50% sensitivity of the vWf assay in identifying these 
carriers, the vWf assay would have a predictive value of 29% 
for positive results (true positives /total positives) and 98.9% 
for negative results (true negatives/total negatives). The 
efficiency of the test (percentage of true-positive and true- 
negative results) would be 96.5%. Furthermore, limiting its 
use for subjects with evidence of personal or family histories 
of hemorrhage would virtually abolish the misclassification 
of normal subjects (about one in 1,000 false-positives in this 
study). It has to be emphasized that, to obtain these results, 
normal ranges have to be defined separately for O and non-O 
subjects. 

Considering the frequency of vWd suggested by this study, 
we think that a vWf assay (ristocetin cofactor activity) 
should be included among the first level screening tests for 
evaluation of subjects with mild bleeding diathesis even in 
presence of normal routine screening tests. 
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Fibrinolysis in Pregnancy: A Study of Plasminogen Activator Inhibitors 


By Egbert K.O. Kruithof, Chien Tran-Thang, Annelise Gudinchet, Jacques Hauert, Grazia Nicoloso, Claire Genton, 
Hansjorg Welti, and Fedor Bachmann 


During pregnancy the plasma concentration of two dif- 
ferent inhibitors of plasminogen activators (PAlIs) 
increases. The only one found in the plasma of nonpreg- 
nant women (PAI1) is immunologically related to a PAI of 
endothelial cells; its plasma activity, as deduced from the 
inhibition of single-chain tissue-type plasminogen activator 
(t-PA), increased from 3.4 + 2.3 U/mL {mean + 95% 
confidence limits) in the plasma of nonpregnant women to 
29 + 7 U/mL at term, and its antigen level, measured by a 
radioimmunoassay, increased from 54 + 17 ng/mL to 
144 + 25 ng/mL. In pregnancy plasma a second PAI (PAI 2) 
related to a PAI found in placenta extracts was observed. 
its level, quantified with a radioimmunoassay, increased 
from below the detection limit (~10 ng/mL) in normal 
plasma to 260 ng/mL at term. One hour after delivery, PA! 
1 activities and antigen decreased sharply, but the PAI 2 
antigen levels remained constant. Three days later, the PAI 
1 antigen levels had fallen to normal levels, but the PAI 2 


URING PREGNANCY profound changes in the 

hemostatic system are observed. Plasma levels of 
fibrinogen, factor VII, factor VIH and von Willebrand’s 
factor increase.'* The prevailing opinion states that the 
fibrinolytic activity of plasma, as measured in euglobulin 
precipitates, decreases during pregnancy.*”'? Some authors, 
however, observed an increased fibrinolytic activity of 
unfractionated whole blood’? and a higher level of fibrin 
degradation products.'* The decreased fibrinolytic activity of 
euglobulins is generally attributed to an increased plasma 
level of a plasminogen activator inhibitor (PAI). possibly 
derived from the placenta.'”'* '*'" These studies, however, 
did not take into account the existence of at least two 
different PAIs, one purified from endothelial cells (PAI 1)" 
and one purified from placenta,’? leukocytes,” and histio- 
cytic lymphoma cells (PAI 2).7' In a recent study, Nilsson et 
al showed that both PAIs are present in pregnancy plasma.” 
No study exists yet that separately measures the levels of the 
two PAIs. With the development of more specific methods to 
determine the two PAIs, tissue-type plasminogen activator 
(t-PA), and urokinase (u-PA) in human plasma it is now 
possible to analyze in more detail the modifications of the 
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antigen levels were still at least eightfold above the non- 
pregnant values. During pregnancy, the t-PA and pro- 
urokinase (u-PA) antigen concentrations increased 50% 
and 200%, respectively, whereas the plasminogen and 
a,-antiplesmin levels remained constant. Despite the large 
variations in the levels of PAs and PAls, the overall fibrino- 
lytic activity as measured in diluted plasma by a radioiodin- 
ated fibrin plate assay did not change significantly. Just 
after delwery, a great increase in the t-PA antigen levels 
was observed. Three to five days after delivery most 
parameters of the fibrinolytic system were normal again. 
Our results demonstrate that during pregnancy and in the 
puerperium profound alterations of the fibrinolytic system 
occur that are characterized by increases in PAs and their 
inhibitors, but these alterations do not affect the overall 
fibrinolytic activity. 

6 1987 by Grune & Stratton, inc. 


fibrinolytic system during pregnancy. In the present study 
we therefere measured in nonpregnant women, during preg- 
nancy and after delivery, the plasma antigen levels of PAT 1, 
PAI 2, t-PA, u-PA, plasminogen and «,-antiplasmin, and 
also the PA and PAI | activity. Our results show that during 
pregnancy the levels of the two PAIs, t-PA, and u-PA 
strongly merease but that the overall fibrinolytic activity 
remains relatively constant. 


MATERIALS AND METHODS 


Materiais. Thrombin (Topostasin) was obtained from Hoff- 
mann-La Roche, Basel, Switzerland; fibrinogen (bovine, plasmin- 
ogen rich) trom Poviet, Oss, The Netherlands; '*I-fibrinogen (FIBI- 
125C, 1 mCt/mg) from Sorin, Saluggia, Italy; aprotinin (Trasylol) 
from Bayer, Leverkusen, Federal Republic of Germany; lodogen 
from Pierce, Oud Beijerland, The Netherlands; Na ™I fram New 
England Nuclear, Dreieich, Federal Republic of Germany; all 
reagents for sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis (SDS-PAGE) from Bio-Rad, Richmond, CA; and Sephadex 
G-100, Concanavalin A (ConA) Sepharose, CNBr-activated Sepha- 
rose, lysine-Sepharose, and protein A-Sepharose from Pharmacia 
Fine Chemicals, Uppsala, Sweden. The World Health Organization 
International Reference Preparations of human u-PA (NIBSC 
66/46) and human t-PA (NIBSC 83/517) were provided by Dr P.J. 
Gaffney from the National Institute for Biological Standards and 
Control, London. 

Plasminegen activators. Human t-PA was purified as previ- 
ously described. It consisted mainly of single-chain (sc) t-PA.” u-PA 
(two-chain [tc], 54 kDa) was a gift of Dr Sauser of Serono 
Laboratories, Coinsins, Switzerland. Antisera against t-PA and 
u-PA were raised in rabbits. IgG was isolated by affinity chromatog- 
raphy on protein A-Sepharose. u-PA was radioiodinated with car- 
rier-free '*! by using lodogen according to the procedure of Fraker 
and Speck,” as described before.” In general, 20% to 40% of added 
| was incerporated into protein under the labeling conditions used. 
The radioicdinated u-PA had a specific radioactivity ef 10 to 40 
nCi/ng (between 10 and 40 atoms of "E incorporated per 100 
molecules of u-PA). The activity of the t-PA and u-PA preparations 
used in this study were calibrated against their respective interna- 
tional reference preparations in a fibrin plate assay. 

Plasminogen activator inhibitors. PAI | was purified from the 
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conditioned medium of hydrocortisone (10°’ mol/L) stimulated 
cells of the human fibrosarcoma cell line HT 1080” by affinity 
chromatography on ConA-Sepharose,”* ion-exchange chromatogra- 
phy on diethylaminoethy! Sephacel, and gel filtration on Sephadex 
G-100. The final product showed one band on reduced and nonre- 
duced SDS-PAGE and was immunoprecipitable by antibodies pre- 
pared against a PAI purified from the conditioned medium of 
bovine" and human” endothelial cells (gifts from Drs Loskutoff, La 
Jolla, CA, and Sprengers, Leiden, The Netherlands) respectively. 

PAI 2 was purified from the conditioned medium of phorbol 
myristate acetate (30 ng/mL)-stimulated cells of the human histio- 
cytic lymphoma cell line U-937, and anti-PAI 2 antibodies were 
raised in rabbits as previously described.” PAI 1 did not react with 
antibodies to PAI 2 and vice versa. PAI 2 was found to be 
indistinguishable from a PAI partially purified from human pla- 
centa by the following criteria: (1) a line of complete identity was 
obtained in double immunodiffusion, (2) identical molecular weights 
were obtained after SDS-PAGE followed by electroblotting and 
immunologic detection using immunopurifed anti-PAI 2 IgG and 
peroxidase-conjugated goat-IgG antirabbit IgG, and (3) the second- 
order rate constant of the reaction of placental PAI and PAI 2 with 
u-PA and t-PA were similar.” PAI 1 and PAI 2 were radioiodinated 
using the method of Fraker and Speck.” Radioiodinated inhibitor 
was separated from free “SI by passage over a 12-mL column of 
Sephadex G-25. The specific radioactivity of the radiolabeled PAI 
preparations was between 15 and 50 nCi/ng (corresponding to 15 to 
$0 molecules of I incorporated per 100 molecules of PAI 1 or PAI 
2), 

Plasmas. Blood was obtained by venipuncture, anticoagulated 
with buffered citrate (nine parts of blood were mixed with one part 
of 0.1 mol/L sodium citrate/citric acid, pH 4.5), and centrifugated 
for 15 minutes at 3,600 g at 4°C. The plasmas were stored at 
~70°C. A normal plasma pool was made from the blood of 50 
healthy blood donors. 

Subjects. The subjects studied were (1) 90 pregnant women 
whose pregnancy proceeded normally. For each 4-week period of 
pregnancy, except the first, ten women were admitted. The last 
period comprised the 37th week until term. Also studied were (2) ten 
women postpartum (mean time since delivery, 77 + 54 minutes 
[mean + SD]), (3) ten women three to five days after delivery, and 
(4) ten apparently healthy, nonpregnant women of the same age 
group (27 + 4 years) as the pregnant women (27 + 5 years). 

immunoradiometric assay for t-PA in plasma. The t-PA anti- 
gen levels in human plasma were determined by using an immunora- 
diometric assay essentially as described by Rijken et al.” Standard 
curves were made using a t-PA preparation standarized against the 
International References Preparation of t-PA. This preparation has 
a specific activity of 500,000 IU /mg protein (1 IU = 2 ng). 

Radioimmunoassay for (pro) u-PA in plasma. One hundred 
microliters of plasma diluted five times with immunodilution buffer 
(50 mmol/L Tris-HCl, pH 7.4, 200 mmol/L NaCl, 10 mmol/L 
EDTA, 0.1% bovine serum albumin, and 0.05% NaN,) was mixed 
with 100 aL anti-u-PA IgG that had been diluted such (1:100,000) 
that in the absence of added cold u-PA half of the I-labeled u-PA 
bound to the antibodies. The sample was incubated four hours at 
room temperature with IgG. Thereafter, 50 uL of '*I-u-PA (con- 
taining 2,000 cpm radiolabel) was added and incubated overnight at 
4°C. The following day, 100 uL of a cellulose suspension to which 
donkey antibodies to rabbit IgG had been coupled (Sac-Cel, Well- 
come Reagents, Beckenham, UK) was added. The suspension was 
incubated 30 minutes at room temperature, diluted by the addition 
of 2 mL of 0.15 mol/L NaCl, and centrifuged for five minutes at 200 
g. The pellet was twice washed with 2 mL of 0.15 mol/L NaCl and 
counted in a gamma counter. The radioactivities after deduction of 
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the nonspecific binding of '“I-u-PA to Sac-Cel in the absence of 
added IgG were compared in a logit-log plot with a standard curve of 
u-PA that had been calibrated against the international reference 
preparation of u-PA (specific activity, 100,000 U/mg). 
Radioimmunoassay for PAl 1 and PAI 2 in plasma, The 
methodology used for the determination of PAI | and PAT 2 antigen 
was identical to that described for u-PA. Rabbit antibovine PAI | 
antiserum (a gift from Dr Loskutoff, La Jolla, CA) was used in a 


used in the concentration of 60 ng/mL. The antigen levels were 
measured by comparison in a logit-log plot with standard curves of 
pure PAI | or PAI 2. The protein concentrations of the PAI | or PAI 
2 stock solutions were determined using the protein assay of Brad- 
ford? and bovine serum albumin as the standard. 

Assay for plasminogen and a,antiplasmin. The plasminogen 
and «,-antiplasmin levels were determined by rocket immunoelec- 
trophoresis using commercially available antisera (Behringwerke, 
Marburg an der Lahn, Federal Republic of Germany). Rocket 
heights were compared with those of various dilutions of a norma! 
human plasma pool and the results expressed in percent with respect 
to the plasma pool. 

Assay for the total PA activity in plasma. The PA activity was 
measured using a “I-fibrin plate method.” Plasminogen-free 
bovine fibrinogen was converted to fibrin monomers and further 
purified by three steps of polymerization and dissolution in acetic 
acid as described by Haverkate and Timan.” Human ''I-fibrinogen 
of clinical grade was rendered plasminogen free by affinity adsorp- 
tion to lysine-Sepharose.”? The '*I-fibrin plate was prepared using 
these two fibrinogen solutions exactly as described by Sharoni et al 
No thrombin was detectable in these plates with a chromogenic 
substrate assay (detection limit of 5 pg/mL). Prior to use, the wells 
were incubated for 15 minutes with sterile phosphate-buffered 
saline. The buffer was replaced with a mixture of 250 aL of a 
solution of plasminogen (5 ug/mL) and 100 pL of a 50- or 100-fold 
dilution of plasma in 0.1 mol/L Tris-HCI, pH 7.5, containing 1% 
bovine serum albumin. The plates were incubated at 37 °C; after 
three and six hours, 50-uL aliquots were removed to determine the 
degree of '**I-fibrinolysis. The percentage of '*'I-fibrinolysis was 
compared with that of standard curves using a laboratory reference 
preparation of human t-PA that had been calibrated against the 
international t-PA reference preparation. 

PAI I activity assay, Because the reaction rate between PAI 2 
and sc t-PA is quite slow” but fast between PAI I and sc t-PA,” we 
have adapted the previously described assay for PAI activity in 
plasma,” taking care to add to the plasma a t-PA preparation (final 
concentration, 42.5 U/mL) that contained less than 10% of the tc 
form. 

Preparation of immobilized antibodies. IgG was prepared by 
affinity chromatography on protein A~Sepharose from 0.5 mL of 
rabbit preimmune serum, antiserum directed against PAIL 1," and 
antiserum directed against PAI 2.” The IgG was dialyzed overnight 
against two changes of 0.1 mol/L sodium bicarbonate, pH 8.1, and 
coupled to | mL of CNBr-activated Sepharose 4B. 

Immunologic comparison of PAls in normal and pregnancy 
plasma. Radioiodinated u-PA (10 uL, 200 ng/mL, 4 x 10° 
cpm/mL) was incubated for ten minutes at 37 °C with 200 ul of 
human plasma. Forty microliters of the mixture was added to 200 al. 
of a 25% suspension of immobilized preimmune IgG, anti-PAI | or 
anti-PAI 2 IgG in 50 mmol/L imidazole and 140 mmol/L NaCl, 
pH 7.35. After a further 20 minutes’ incubation at 25 °C, the gel was 
spun down (five minutes, 1,000 g) and the supernatant diluted 
twofold with SDS sample buffer. SDS-PAGE in a 7.5% gel” of a 
50-uL sample and autoradiography was performed as described 
previously.” 
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RESULTS 


PAI l and PA] 2 levels in pregnancy plasma. The PAI | 
activity in the plasma of nonpregnant women was extremely 
variable (3.4 + 2.3 U/mL, mean + 95% confidence limits of 
the error of the mean). In the first 3 months of pregnancy, 
the PAI | activity was slightly, but nonsignificantly higher. 
Thereafter an almost linear increase in the PAI | activity to 
29 + 7 U/mL at term was observed (Fig 1). One hour after 
delivery, the PAI | activity decreased approximately 50% to 
15 + 9 U/mL, and the levels were normal three to five days 
after delivery, 

As observed for the PAI 1 activity, the PAI | antigen 
levels in nonpregnant women were quite variable (55 + 17 
ng/mL). During the first 2 months of pregnancy, the PAI | 
antigen levels appeared to decrease slightly; thereafter they 
increased steadily to a maximum of 147 + 32 ng/mL, 
attained between 32 and 36 weeks of pregnancy (Fig 2). 
After delivery the PAI | antigen levels decreased sharply 
within one hour and were normal three to five days later. 

The PAI 2 antigen levels in nonpregnant women were 
below the detection limit (<10 ng/mL). From 4 to 8 weeks of 
pregnancy the PAI 2 was measurable in about half of the 
subjects. After that it was detectable in all plasmas, and an 
almost linear increase of PAI 2 antigen concentration was 
observed until the 32nd week of pregnancy when the mean 
levels stabilized at around 240 ng/mL (Fig 3). In contrast to 
the PAI | activity and antigen, the PAI 2 antigen did not 
decrease within one hour postpartum. Three to five days 
after delivery the mean level of 77 + 27 ng/mL of PAI 2 was 
still at least eightfold higher than in nonpregnant women. 

Complex formation of u-PA with PAI | and PAI 2 in 
normal and pregnancy plasma. To verify whether PAIs 
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Fig1. PAI1 activity in plasma during pregnancy and postdeliv- 
ery. The PAI 1 activity in plasma was estimated from the inhibition 
of sc t-PA, as indicated in Materials and Methods. Plasmas were 


obtained from ten nonpregnant {N} and 90 pregnant women. Each. 


4-week period is represented by ten women. Plasmas were also 
obtained from ten women one hour postpartum and ten women 
three to five days after delivery. The results are expressed as the 
means + 95% confidence limits of the error of the mean. 
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Fig 2. Plasma antigen levels of PAI 1 during pregnancy and 
postdelivery. The PAI 1 antigen levels were measured by a 
radioimmunoassay in the plasma of the 120 women indicated in 
the legends to Fig 1. 


other than PAI 1 and PAI 2 are present in normal and in 
pregnancy plasma, ‘“I-u-PA was added to a plasma pool 
obtained from nonpregnant women or from women in the last 
trimester of pregnancy and the immunologic identity of the 
complexes formed established. For this experiment u-PA was 
chosen rather than t-PA because u-PA reacts rapidly with 
both PAIs and sc t-PA only with PAI 1. The incubation of 
'T-u-PA in normal plasma resulted mainly in the formation 
of a 95 kDa complex (Fig 4). This complex bound to 
immobilized anti-PAI 1 IgG but not to anti-PAI 2 IgG. In 
pregnancy plasma, three complexes in the molecular weight 
region of 85,000 to 110,000 were formed. The largest and the 
smallest ones were retained by immobilized anti-PAI 2 IgG 
and the middle one by anti-PAI 1 IgG. These results, 


300 


200 


100 


PA ~inhibitor 2 antigen ng/mi 





le weeks of pregnancy livery 


Fig 3. Pasma antigen levels of PAI 2 during pregnancy and 
postdelivery The PAI 2 antigen levels were measured by a 
radioimmunoassay in the plasma of the 120 women indicated in 
the legends to Fig 1. 
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Fig 4. Immunologic identity of 
inhibitors of u-PA in normal plasma 
and late pregnancy plasma. (A) '**t- 
u-PA alone. (B and C) '*I-u-PA incu- 
bated at a final concentration of 20 


a 


ng/mL for ten minutes in a plasma 94— 
pool of nonpregnant (B) or late preg- 

nancy women (C). Thereafter the 

plasmas were passed either over a 

column of immobilized anti-PAl 2 67— 


IgG (lane 1), anti-PAI 1 IgG (lane 2) 
or preimmune IgG (lane 3). The com- 
plexes not bound to the columns 
were analyzed by SDS-PAGE in a 
7.5% gel followed by autoradiogra- 


phy. 


54— 


therefore, provide evidence that in pregnancy plasma PAI | 
exists in one form, whereas two different forms of PAI 2 
might exist. 

PA activity in plasma during pregnancy. Figure 5 shows 
that the PA activity in nonfractionated diluted plasma as 
measured on radioactive fibrin plates remained essentially 
constant during pregnancy and shortly after delivery. The 
slight changes observed were not significant. However, three 
to five days after delivery the PA activity levels were 
significantly lower than during the last period of pregnancy 
(P < .001, Mann-Whitney test) or in nonpregnant control 
women (P < .005). 

Antigen levels of t-PA, (pro)-u-PA, plasminogen and 
cer-antiplasmin in pregnancy plasma. The surprising obser- 
vation of an unchanged fibrinolytic activity in the presence of 
strongly increased levels of two different PAIs prompted us 
to study also the t-PA, (pro)-u-PA, plasminogen, and a,- 
antiplasmin antigen levels. During pregnancy the t-PA anti- 
gen increased from 2.2 + 0.8 ng/mL (mean + 95% confi- 
dence limits) in nonpregnant women to a plateau value 
between 3.0 and 3.6 ng/mL in the last two trimesters of 
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Fig 5. Plasma PA activity during pregnancy and postdelivery. 


The PA activity was measured on a radioactive fibrin plate using 
diluted nonfractionated plasmas of the 120 women as indicated in 
the legend to Fig 1. 
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pregnancy (Fig 6). One hour after delivery a doubling of the 
t-PA levels (6.5 + 1.1 ng/mL) with respect to late pregnancy 
values was observed. Three to five days after delivery they 
were slightly, but significantly higher than those in nonpreg- 
nant women. The behavior of (pro)-u-PA antigen during 
pregnancy was quite different. An almost linear increase 
from 19 + 3 ng/mL in nonpregnant women to a plateau level 
of 46 + 3 ng/mL at 32 weeks of pregnancy was observed (Fig 
7). Thereafter the mean (pro)-u-PA levels remained near 
this value until delivery. Just after delivery the u-PA levels 
increased slightly, but significantly (P < .05) to 52 + 4 
ng/mL. Three to five days postpartum the mean u-PA level 
was still greatly increased with respect to that in nonpreg- 
nant women (35 + 3v 19 + 3 ng/mL; P < .01). 


(oe ee ee oe SD S oe ee oe oe ge ee 





6 iy 
È 2 À 
3 f & 
č i | 
c 4 ; ' 
o r 
; j 
e- 2 S f 
" 
a 
N 8 20 40 th 3-5d 





weeks of pregnancy —}-yeiivery" 


Fig 6. t-PA antigen levels during pregnancy and postdelivery. 
The t-PA antigen levels were measured by an immunoradiometric 
assay in the plasma of the 120 women as indicated in the legend to 
Fig 1. 
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Fig 7. (Pro)-u-PA antigen levels during pregnancy and postde- 
livery. The u-PA antigen levels were measured by a radioimmu- 
noassay assay in the plasma of the 120 women as indicated in the 
legend to Fig 1. 


A slight but not significant increase in the plasminogen 
and «,-antiplasmin levels was observed during pregnancy 
and in the puerperium. 


DISCUSSION 


It has been known for many years that during pregnancy 
profound modifications of the coagulation and the fibrino- 
lytic system occur. Our study, however, is the first to 
measure systematically and quantitatively the behavior of 
several newly described fibrinolytic components of human 
plasma, particularly of two different inhibitors of t-PA and 
of u-PA. PAI | ts synthesized by the endothelial cells and is 
present in plasma and in blood platelets. 577368 PAT | 
exists in an active and a latent form.” The active form of 
PAI 1 readily inhibits tc u-PA* and tc t-PA and also sc 
t-PA” but is rather labile and at room temperature is 
transformed to a latent (inactive) form with a half-life of 
approximately two hours.“ Antibodies directed against PAI 
| do not cross-react with PAI 2 produced by histiocytic 
lymphoma cells and vice versa.” PAI 2 also has been 
extracted and purified from human placenta and is therefore 
often termed placental PAL? It is a very efficient inhibitor 
of te u-PA and te t-PA but inhibits sc t-PA poorly." 

We observed striking increases in the level of PAI 1 and 
PAI 2 as well as moderate increases in the t-PA and u-PA 
antigen levels. Our quantitative measurements confirm the 
recent qualitative observations of Nilsson et al who found 
that pregnancy plasma contains two different PAIs” and 
those of Lecander and Astedt*’ who reported increased 
antigen levels of a placenta-derived PAI with characteristics 
similar to that of PAI 2. The PAI | levels increased steadily 
after the 20th week of pregnancy and, at term, were threefold 
higher than in nonpregnant women. The PAI 2 levels were 
below the detection limit in normal plasma and, at term, 
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were more than 25-fold increased. The PAI 1 activity levels 
in plasma, as determined from the inhibition of sc t-PA, 
correlated better with PAI 1 than with PAI 2 antigen 
concentration. This was particularly noteworthy just after 
delivery when the PAI activity and PAI | antigen levels 
decreased sharply and PAI 2 remained high. We may 
therefore conclude that the PAI | activity assay is relatively 
insensitive to PAI 2. We observed, however, a quantitative 
discrepancy between the PAI | activity and PAI 1 antigen 
levels. In the last trimester, the PAI activity was on average 
28 U/mL, corresponding to 60 ng of PAI per milliliter of 
plasma, whereas the PAI 1 antigen levels were approxi- 
mately twofold higher. Two possible explanations for this 
discrepancy exist. In normal plasma virtually all t-PA is 
bound to PAI 1%; consequently, about 3 to 4 ng/mL of PAI — 
are bound to t-PA and not measured by our activity assay. 
However, because the observed discrepancy is one order of 
magnitude greater, it can only partially be explained by the 
inactivation of PAI | by t-PA. We must therefore assume 
that part of the plasmatic PAI | is present in the latent, 
inactive form.” 74 

When added to pregnancy plasma, tc u-PA formed two 
different complexes with PAI 2 of approximately 95 and 115 
kDa. The two forms of PA! 2 probably correspond to a 
heavier glycosylated and a lighter nonglycosylated form of 
PAI 2* or may be due to cleavage of the PAI 2 molecule 
after its interaction with u-PA.”! 

Within one hour after delivery, the concentration of some 
components of the fibrinolytic system changed dramatically: 
the doubling of t-PA levels is probably due to release from 
the vessel walls induced by the stress of childbirth and may 
be responsible for the drop of the PAI | activity and antigen 
levels to about half the levels found at term. No differences 
were observed for u-PA and PAT 2 levels and for PA activity. 
Three to five days after delivery the PAI activity and t-PA 
and PAI | antigen levels were not significantly different 
from control values, but the u-PA and PAI 2 levels were still 
significantly elevated, whereas the PA activity was signifi- 
cantly decreased. Because u-PA half-lives are relatively 
short,“ we have to assume that the increased production and 
release and/or the decreased clearance of u-PA persisted for 
several days after delivery. In previous work the rapid decline 
in PAI activity after delivery was explained by the arrest of 
PAI release from placental tissue into the circulation after 
the expulsion of the placenta.” The persistence of PAI 2 
suggests either that its main site of synthesis in pregnancy 
and after delivery is not the placenta or that its in vivo 
half-life is on the order of several days. In contrast, the rapid 
decrease in PAI activity and PAI | antigen levels after 
delivery might suggest that PAI 1 is produced by the 
placenta and that it has a short in vivo half-life. The latter is 
in accordance with the observations of Colucci et al on the 
short PAI half-life in rabbits.“ | 

We found that the PA activity remained essentially con 
stant during pregnancy but was slightly decreased three to 
five days after delivery. Our results differ from those of Arias 
et al? who observed a significant increase in the whole blood 
fibrinolytic activity in pregnancy and post partum and from 
most other studies reporting a significant decrease in the 
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fibrinolytic activity of euglobulins.*'* Measurement of the 
fibrinolytic activity in euglobulin precipitates, however, has 
several drawbacks: (1) u-PA precipitates only partially in the 
eugilobulins; (2) during pregnancy, the fibrinogen levels 
increase almost twofold and thus prolong the euglobulin clot 
lysis time; and (3) PAIs precipitate partially in the euglobu- 
lins (unpublished observations) and thereby affect the fibri- 
nolytic assay. It is therefore evident that the results of 
fibrinolytic activity measurements in pregnancy are criti- 
cally dependent on methodology, particularly on whether the 
activity is measured in whole blood, plasma, or euglobulins. 
The increased levels of fibrin degradation products during 
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pregnancy measured by Fletcher et al’* indicate that the 


+ibrinolytic system remains functionally active and do not 
support the hypothesis that its activity decreases signifi- 
cantly during pregnancy. 

Our study demonstrates that the changes in the fibrino- 
lytic system during pregnancy are much more complex than 
hitherto assumed. The physiological meaning of and the 
mechanisms inducing these changes are at present obscure. 
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Effect of Recombinant Human Tumor Necrosis Factor on the Colony Growth of 
Human Leukemia Progenitor Cells and Normal Hematopoietic Progenitor Cells 


By Takuhei Murase, Tomomitsu Hotta, Hidehiko Saito, and Ryuzo Ohno 


The effects of recombinant human tumor necrosis factor 
(rH-TNF) on the colony growth of human leukemia progeni- 
tor cells (L-CFU), granulocyte-macrophage progenitor cells 
(CFU-GM), and erythroid progenitor cells (BFU-E) were 
studied. L-CFU was assayed with leukemia cells obtained 
from patients with acute myelogenous leukemia. CFU-GM 
and BFU-E were assayed with bone marrow cells obtained 
from hematologically normal donors and patients with 
acute leukemia or non-Hodgkin's lymphoma in complete 
remission. A dose-dependent growth inhibition of L-CFU as 
well as CFU-GM and BFU-E was observed by rH-TNF at 


UMOR NECROSIS factor (TNF) was discovered by 
Carswell et al’ in the sera of mice that had been primed 
with bacillus Calmette-Guerin and subsequently challenged 
with endotoxins and is known to be associated with in vivo 
and in vitro killing of tumor cells.’ Although early studies 
indicated that TNF had no effect on nontransformed culture 
cells,** some investigators reported that TNF showed cyto- 
toxic activities against a certain subpopulation of mouse and 
human lymphocytes,*’ All of these previous studies on TNF, 
however, were conducted with crude or partially purified 
TNF. Therefore, the possible presence of other cytokines 
such as interferon has remained a concern.® 
Recently, the gene for human TNF has been cloned and 
expressed in Escherichia coli"? and the product of this 
expression was isolated in a pure form and shown to produce 
necrosis of murine tumors in vivo. Using the recombinant 
TNF from different sources, we'' and others’? t found that 
recombinant human TNF (rH-TNF) suppressed the in vitro 
colony growth of human hematopoietic progenitor cells. In 
the present study we have investigated whether TNF shows a 
selective cytotoxicity on human hematologic malignancies 
and tested the effect of rH-TNF on the in vitro colony growth 
of human leukemia progenitor cells (L-CFU), granulocyte- 
macrophage progenitor cells (CFU-GM), and erythroid pro- 
genitor cells (BFU-E). We found that rH-TNF inhibited the 
colony growth of L-CFU, CFU-GM, and BFU-E in a 
dose-dependent manner and the inhibitory effect of rH-TNF 
was significantly greater on L-CFU than on CFU-GM at the 
concentration of 100 U/mL. 


MATERIALS AND METHODS 


Leukemia cells and bone marrow mononuclear cells. For the 
L-CFU colony assays, leukemia cells were obtained from 48 patients 
with acute myelogenous leukemia (AML). Bone marrow or periph- 
eral blood containing more than 80% leukemia cells was drawn and 
anticoagulated with preservative-free heparin. For the CFU-GM 
assays, bone marrow was drawn from ten hematologically normal 
donors and 12 patients with AML, acute lymphoblastic leukemia 
(ALL), or non-Hodgkin's lymphoma (NHL) in complete remission 
(CR). For the BFU-E assays, bone marrow was obtained from 11 
hematologically normal donors and three patients with NHL in CR. 
All procedures were performed with informed consent. 

Assays for L-CFU and CFU-GM. To compare the effects of 
rH-TNF on L-CFU and CFU-GM, they were assayed under the 
same experimental conditions according to the method described by 
Minden et al? with a slight modification. Leukemia cells or bone 
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concentrations of 1 to 100 U/mL. The inhibitory effect on 
L-CFU was significantly greater than that on CFU-GM. No 
correlation was observed between the inhibitory effect on 
L-CFU and the number of colonies formed in the cultures 
without rH-TNF. Preincubation of the progenitor cells in 
culture medium containing 20% fetal calf serum with up to 
1,000 U/mL of rH-TNF for 24 hours did not result in the 
inhibition of colony growth of L-CFU or CFU-GM. The 
inhibitory effect of rH-TNF was neutralized by an anti- 
rH-TNF murine monoclonal antibody. 

e 1987 by Grune & Stratton, inc. 


marrow mononuclear cells were separated from RBC and mature 
granulocytes by Ficoll-Conray gradient centrifugation (400 g, 30 
minutes) and depleted of T lymphocytes by a second Ficoll-Conray 
centrifugation after rosetting with 2-aminoethylthiouronium bro- 
mide-treated sheep RBC according to the method described by 
Madsen et al.'® The cells remaining in the interface were washed 
twice and plated in 0.5 mL of culture medium containing 0.3% agar 
(Difco Laboratories. Detroit), a-medium (GIBCO, Grand Island, 
NY), 20% fetal calf serum (FCS, GIBCO), 10% conditioned 
medium prepared with phytohemagglutinin-stimulated leukocytes 
as a source of colony-stimulating activity, and 1% diluted rH-TNF. 
Cultures containing 1 x 10*to 2 x 10° leukemia cells for the L-CFU 
assay or | x 10° bone marrow mononuclear cells for the CFU-GM 
assay were incubated for nine to 11 days at 37 °C in 8% CO, in air. 
All cultures were performed in triplicate. Each agar disk was 
transferred onto a slide glass, fixed, and stained with Harris’ 
hematoxylin. Colonies (>40 cells) were counted under a microscope. 
in some experiments, cells were simultaneously tested that had been 
depleted of adherent cells before the T cell depletion by two cycles of 
adherence to plastic dishes pretreated with FCS overnight. In each 
experiment of L-CFU, some colonies were picked up with a fine 
Pasteur pipette and stained with May-Griinwald-Giemsa stain, and 
their blastic nature was confirmed by observing their morphology. In 
some experiments, cells at the same concentration as that for 
semisolid culture in a-medium with 20% FCS were preincubated 
with up to 1,000 U/mL of rH-TNF for 24 hours at 37 °C in 5% CO, 
in air, then washed three times, and subsequently assayed for 
L-CFU or CFU-GM. In another experiment, cells were used that 
had been frozen in a programmed freezer in the medium containing 
10% dimethyl sulfoxide and 10% FCS and preserved at — 196 °C. 
Assays for BFU-E. One x 10° unfractionated bone marrow 
mononuclear cells were plated in 0.5 mL of culture medium contain- 
ing 0.3% agar, a-medium, 30% FCS, 1% bovine serum albumin 
(BSA, Sigma Chemical Co, St Louis), 2 U/mL erythropoietin 
(Connaught Laboratories, Willowdale, Ontario, Canada), and 1% 
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diluted rH-TNF. All cells were freshly prepared. After incubation 
for 14 days, each culture was stained with 3,3’-diaminobenzidine 
tetrahydrochloride, and colonies consisting of 100 or more diamino- 
benzidine-positive cells were counted under a microscope. 

rH-TNF. rH-TNF was kindly provided by Asahi Chemical 
Industry Co, Ltd, Tokyo. The rH-TNF was produced in £ coli that 
expressed the gene encoding human TNF that had been identified in 
a human genomic DNA library” by using a cloned cDNA encoding 
a portion of rabbit TNF as a probe. The TNF consisted of 155 
amino acids with a molecular weight of 17,000 on sodium dodecyl 
sulfate~polyacrylamide gel electrophoresis. It has over 99% purity 
and a specific activity of 2.2 x 10° U/mg protein. The unit was 
designated as the reciprocal of dilution that killed 50% of the 
TNF-sensitive L-M cells which were derived from clone 929 mouse 
L cells. rH-TNF was diluted with a diluent consisting of 5 mmol/L 
phosphate buffer (pH 7.4), 0.15 mol/L NaCl, and 0.1% gelatin and 
added to the culture medium shortly before plating. The dilution was 
prepared freshly before each experiment. 

Neutralization of rH-TNF activity by anti-rH-TNF monoclonal 
antibody. One hundred microliters of rH-TNF (10° U/mL) was 
first incubated with 13 uL of anti-rH-TNF murine monoclonal 
antibody (MoAb) (30 mg/mL, subclass IgG1, provided by Asahi 
Chemical Industry Co)" for one hour at 37 °C. Controls included 
incubation of the MoAb without rH-TNF and incubation of purified 
normal mouse IgG (Zymed Laboratories, San Francisco) with 
rH-TNF. These mixtures were added to the culutre medium just 
before plating. 

Statistical analysis. 
test. 


Statistical analysis was done by Student's 7 


RESULTS 


Effect of rH-TNF on the colony growth of L-CFU. L- 
CFU grew from the leukemia cells of 31 out of 48 patients 
studied with AML. Ten cases among them gave sufficient 
numbers of colonies (>30 colonies/plate) and were selected 
for further study. At concentrations of 1 to 100 U/mL of 
rH-TNF, a dose-dependent inhibition of L-CFU colony 
growth was found. The suppressive effect was statistically 
significant in nine out of ten cases at 100 U/mL of rH-TNF 
(Table 1). Although the extent of suppression varied among 
the cases tested, it showed no correlation with the number of 
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colonies of the control cultures grown without rH-TNF. At 
the concentrations of 1, 10, and 100 U/mL of rH-TNF, the 
mean percent inhibitions were 14% + 9% (mean + SD), 
50% + 27%, and 72% + 27% respectively. 

Effects of rH-TNF on the colony growth of CFU- 
GM. All of the ten hematologically normal bone marrows 
and 11 of 12 bone marrows from patients with AML, ALL, 
or NHL in CR gave sufficient numbers of colonies (>30 
colonies /plate) for the study of CFU-GM. At concentrations 
of | to 100 U/mL of rH-TNF, a dose-dependent inhibition of 
CFU-GM colony growth was found, The suppressive effect 
was statistically significant in 18 of 21 cases at 100 U/mL of 
rH-TNF (Table 2 and 3). The colonies grown from bone 
marrow mononuclear cells of patients with AML, ALL, or 
NHL in CR were regarded as normal CFU-GM based on the 
morphological features of colony-composing cells with nor- 
mal differentiation into neutrophils, eosinophils, or mono- 
cytes. At all the concentrations tested, the extent of inhibi- 
tion on CFU-GM from patients with AML, ALL, or NHL in 
CR was similar to that on CFU-GM from hematologically 
normal donors. At the concentrations of 1, 10, and 100 
U/mL of rH-TNF, the mean percent inhibitions were 15% + 
13% (mean + SD), 33% + 11%, and 44% + 12% for the 
former groups and 15% + 13%, 30% + 11%, and 48% + 7% 
for the normal donors. At the concentration of 100 U /mL, 
the suppressive effect of rH-TNF on L-CFU was signifi- 
cantly greater than on CFU-GM from hematologically nor- 
mal donors (P = .018) or CFU-GM from patients with 
AML, ALL, and NHL in CR (P = .010) (Fig 1). When the 
effect of rH-TNF on L-CFU or CFU-GM was tested after 
the depletion of adherent celis, a similar degree of suppres- 
sion was observed, which suggests that TNF was as effective 
a suppressor either in the absence or presence of adherent 
cells (data not shown). For the leukemia cells or the bone 
marrow cells that had been first preincubated with up to 
1,000 U/mL of rH-TNF for 24 hours, depleted of rH-TNF 
by washing and then plated for the assay, no significant 
suppression of L-CFU or CFU-GM was observed. Figure 2 
illustrates a representative experiment among four tests; two 


Table 1. Effect of rH-TNF on the Colony Growth of L-CFU 


Case Age Sex Celis 0 
1 34 F Ct 38 +6 
2 40 F C 2,020 + 460 
3 36 F C 43 +7 
4 31 M C 262 + 65 
5 59 F C 236 + 14 
6 61 M Ft 315 + 14 
7 27 F C 3,390 + 250 
8 76 M F 1,010 + 10 
9 67 M C 129 + 39 
10 26 M C 687 + 102 
Mean percent inhibition + SD 0 


No. of Colonies Cuitured With rH-TNF (U/mt}* 


1 10 100 


32+5 24 + 14 15 +5) 
1,710 + 720 500 + 190| 150 + 160| 
28 + 28 12 + B| 6 + 3] 
226 + 39 82 + 258 14 + 38 
183 + 10] 15 + 4l <1 
283 + 55 151 + 35| 32 + 14] 
3,260 + 460 2,830 + 280 2,520 + 4308 
930 + 110 650 + 20| 300 + 90| 
110 +8 83 +7 35 +5 
647 + 137 617 + 95 493 + 32§ 
14 + 9] 50 + 27} 72 + 27| 


*Mean number of colonies (>40 cells) + SD per 1 x 10° cells of triplicate cultures. 


{Cultured after cryopreservation. 
tCultured fresh. 

§P < .O5. 

IP < 01. 
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Table 2. Effect of rH-TNF on the Colony Growth of CFU-GM From Hematologically Normal Donors 


AA etre A Lae AAT RRA LEA MARA fa ERIS EES ERY 


No. of Colonies Cultured With rH-TNF (U/mt}* 


Case Age Sex Celis 0 1 10 100 
1 40 M F+ 79 + 18 76 + 24 65 + 16 43 + 108 
2 24 F F 131+ 26 t1148 87 + 2 85 +21 
3 27 M F 172 + 31 165 + 17 127 +13 100 + 29§ 
4 35 F Ct 60 + 11 40 +3 32 + 9§ 29 + 4§ 
5 18 M F 120 + 35 101+4 75 + 18 69 +9 
6 35 M C 47 + 10 29 +3 26 +9 25 + 6§ 
7 32 M F 177 +31 144 + 14 137 + 49 89 + 8l 
8 35 M F 157 + 36 141414 112 +7 80 + 128 
9 54 M F 66 + 14 66 + 22 43 + 12 28 + 5§ 
10 69 M F 118 +4 105 + 23 99 + 12 53+7) 
Mean percent inhibition + SD 0 15 + 13} 30 + 11] 48 +7) 


meeer 


*Mean number of colonies (>40 celis} + SD per 1 x 10° cells of triplicate cultures. 


+Cuitured fresh. 

{Cultured after cryopreservation. 
§P < .05. 

[P< 01. 


of L-CFU and two of CFU-GM. Almost equal levels of 
L-CFU or CFU-GM suppression were observed for the fresh 
and the cryopreserved cells from the same donors (data not 
shown). 

Effects of rH-TNF on the colony growth of BFU- 
E. Eight of 11 hematologically normal bone marrows and 
two of three bone marrows from patients with NHL in CR 
gave sufficient numbers of colonies (> 30 colonies/plate). At 
concentrations of 1 to 100 U/mL of rH-TNF, a dose- 
dependnet inhibition of the BFU-E colony growth was found. 
The suppressive effect was statistically significant in all ten 
cases at 100 U/mL of rH-TNF (Table 4). At the concentra- 
tions of 1, 10, and 100 U/mL of rH-TNF, the mean percent 
inhibitions were 23% + 21% (mean + SD), 62% + 24%, and 
97% + 4% respectively. 

Neutralization of the rH-TNF activity by anti-rH-TNF 
MoAb. The suppressive effect of rH-TNF on L-CFU or 


vole. 


narvas rt 











CFU-GM at concentrations of 50 and 500 U/mL was 
neutralized by a murine MoAb specific to rH-TNF and not 
by normal mouse IgG, which indicates that the inhibition 
was caused by the rH-TNF and not by a contaminant. 
Neither normal mouse IgG alone nor the MoAb alone 
showed any effect on L-CFU or CFU-GM. Figure 3 illus- 
trates a representative experiment among four tests; two of 
L-CFU and two of CFU-GM. 


DISCUSSION 


The present study shows that rH-TNF suppresses the in 
vitro colony growth of human L-CFU, CFU-GM, and BFL- 
E. Because the suppressive effect was neutralized by a 
murine MoAb specific to rH-T NF, the effect is considered to 
derive from rH-TNF itself. At the concentration of 100 
U/mL, although the extent of inhibition on L-CFU varied 
considerably among patients (26% to 100%), the suppressive 


Table 3. Effect of rH-TNF on the Colony Growth of CFU-GM From Patients With Leukemia or Lymphoma in CR 


ne ree re berin hi A I A HRS RON IN OTT 


No. of Colonies Cultured With rH-TNF (U/mi)* 


Case Age Sex Diagnosis Celis (8) 1 10 
1 48 F AML (CR) Ct 67 +6 45 + 6§ 39 + 7§ 37 + 7§ 
2 42 F AML (CR) c 103 + 13 80 +2 54 + 108 48 + 8§ 
3 33 M AML (CR) € 34 +3 38 + 11 24 + 2§ 23 + 3] 
4 34 M AML (CR) Ft 68 +5 62+7 46 + 6§ 43+ 10) 
5 37 M AML (CR) F 65 +21 60 = 11 51+ 11 43+ 
6 34 F ALL (CR) c 62 +7 49 +8 35 + 21 29 + 6§ 
7 31 F ALL (CR) F 52 +2 42 + 13 34 + 3§ 39 + 3§ 
8 46 M NHL (CR) Cc 98 + 22 69 +7 55 +2 43 + 13) 
9 31 F NHL (CR) F 307 + 31 283 + 67 213 + 57 117 + 18$ 
10 40 M NHL {CR) F 137 + 16 123 + 18 120 +3 80 + 20) 
11 60 M NHL (CR) F 76 + 10 61 + 28 56 +71 39 + 17| 
Mean percent inhibition + SD 0 15 + 13§ 33 + 11§ 44 + 12$ 





na anaa AAAren naaa an nan na anina yanay nana anrik i maaa Ea RN hr. 


*Mean number of colonies {>40 cells) + SD per 1 x 10° cells of triplicate cultures. 


+Cultured after cryopreservation. 
tCultured fresh. 

§P < 01. 

[P < 05. 
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Fig 1. Comparison of the effects of rH-TNF on the colony 
growth of L-CFU and CFU-GM. The mean number of colonies fram 
ten experiments on L-CFU from patients with AML (~@-), that 
from ten experiments on CFU-GM from hematologically normal 
donors (-O-), and that from 11 experiments on CFU-GM from 
patients with AML, ALL, and NHL in CR (-W-), which are 
expressed as a percentage of the number of colonies in each 
control culture without rH-TNF are shown. At the concentrations 
of 100 U/mL of rH-TNF, the inhibitory effect on L-CFU was 
Significantly greater than that on CFU-GM from hematologically 
normal donors {P = .018) or CFU-GM from patients with AML, ALL, 
or NHL in CR (P = .010). 


effect of rH-TNF on L-CFU was significantly greater than 
that on CFU-GM. No relationship was found between the 
extent of suppression of L-CFU and the number of colonies 
grown in the absence of rH- TNF. We did our best to perform 
these experiments under the same conditions for an accurate 
comparison of the effect of rH-TNF on L-CFU and CFU- 
GM. We defined L-CFU as colonies that had grown out of 
cells from bone marrow or peripheral blood containing more 
than 80% leukemia cells and the colony-composing cells that 
showed morphological characteristics of the original leuke- 
mia cells. It should be noted, however, that the morphologic- 
al characteristics may not be enough for the evidence that the 
colony-composing cells in L-CFU were truly leukemic. 


Table 4. Effect of rH-TNF on the Colory Growth of BFU-E 


Fig 2 Effect of rH-TNF on the colony growth of L-CFU by 
preincubation study. No significant suppression was seen when 
1 x 10 “leukemia cells in 0.5 mL of a-medium with 20% FCS had 
been preincubated with rH-TNF for 24 hours at 37 °C in 5% CO, in 
air prior to the start of culture {hatched bars), whereas the 
suppressive effect of rH-TNF was avident when it was continu- 
ously added during the whole culture period (blank bars). 


Therefore, we tested CFU-GM from patients with hemato- 
logic malignancies in CR under the same conditions. The 
results were almost the same as those on CFU-GM from 
normal donors, although, again, the morphological charac- 
teristics may not be enough for the evidence that the colony- 
composing cells in CFU-GM from patients with AML, ALL, 
or NHL in CR were truly normal. 

Most previous studies using crude or partially purified 
TNF demonstrated that TNF did not affect nontransformed 
cells of mice or humans. However, our results indicate that 
TNF has inhibitory effects on normal human hematopoietic 
progenator cells as well as leukemia progenitor cells. Deglian- 
toni et al? independently found that rH-TNF from a 
different source suppressed the colony growth of CFU-GM 
while they were trying to prove that natural killer (NK) 
cell-derived hematopoietic colony-inhibiting activity and 


AMAAN AN iia elaine aara nananana ama a aana ri hin laaan ara 


Cell an eee Ait A a a a a A 

Case Age Sex Source 0 1 10 100 
1 35 M Normal 46 + 19 t12 7ł Ot O+ 

2 53 F Normal 146 + 12 114 + OF 100 + 14+ B+ St 
3 69 M Normal 68 + 27 63 + 26 15 + 9f Ot 
4 60 F Normal 54+ 13 44 + 13 7 * 4t ot 
5 62 f Normal 52 +8 51+ 14 29 + Bt <1t 

6 37 M Normal 247411 207 + 60 145 = 7f 32 + Sf 

7 51 M Normai 78 + 22 72 +5 3923 220 
8 19 F Normal 43 + 15 36 + 10 2124 Of 
9 31 F NHL (CR) 67 +27 29 + 10 6+2 ot 

10 40 M NHL (CR) 100 + 20 86 +4 5T Tf 6 + 4+ 

Mean percent inhibition + S.D. 0 23 + 21} 62 + 24f 97 + 4} 


All cells were prepared freshly. 

*Mean number of colonies (> 100 cells) + SD per 1 x 10° cells of triplicate cultures. 
tP < .05. 

tP < .O1. 


EFFECT OF TNF ON HUMAN L-CFU AND NORMAL CFU 


1000 
~ 800 J 
Y Y 
Y y) y 
wm 8% Y Y r 
> ] ] | 
O a % Y A 
Y y r 
Y p 
200 ] Y ] 
: ] 
pL Lid A A 


Ea 


50 
rH-TNF (W/m) 


S 


Fig 3. Neutralization of the rH-TNF activity by anti-rH-TNF 
MoAb. rH-TNF at 50 or 500 U/mL was incubated with anti-rH- TNF 
murine MoAb {hatched bars) or with normal mouse IgG (blank 
bars) for one hour at 37 °C and added to the L-CFU cultures just 
before plating. 


NK cytotoxic factor are probably identical with TNF. Play- 
fair et alf reported that crude TNF showed cytotoxic activi- 
ties against a certain subpopulation of mouse lymphocytes. 
Umeda et al’ observed a cytotoxic effect of TNF on lectin- 
activated human lymphocytes and the specific binding of 
TNF to the target cells, which indicated that normal lympho- 
cytes also possessed TNF receptors on their cell surfaces. 
Recently, Beutler et al’? have reported the possible identity 
of TNF and the macrophage-secreted factor cachectin, 
which can bind to the receptors present on several normal 
murine tissues. They found, however, no detectable quanti- 
ties of cachectin receptors on erythrocytes and lymphocytes, 
even though Sassa et al” from the same group had reported 
the inhibition of growth and the differentiation of trans- 
formed erythroid precursor cells (Friend’s leukemia cells) by 
crude cachectin. On the other hand, some investigators have 
reported the ability of rH-TNF to stimulate the growth of 
several normal human cell lines.” 

After this paper had been submitted for publication, 
Broxmeyer et al” reported the suppressive effect of two types 
of human TNF (purified and recombinant) on bone marrow 
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hematopoietic progenitor cells from normal donors and 
patients with leukemia. They found that the suppression of 
leukemia cluster-forming cells by TNF was stronger than 
that of CFU-GM. These results appear to be consistent with 
ours. In the present study, the suppressive effect of rH-TNF 
on BFU-E appeared to be stronger than that on CFU-GM. 
However, we think, these results for BFU-E are unable to be 
simply compared with those for L-CFU or CFU-GM 
because these assays were done under different experimental 
conditions such as the FCS concentration,” the incubation 
period, and the presence or absence of BSA. 

The cloning of the gene for human TNF and subsequent 
recombinant technology have permitted the production of 
rH-TNF in large quantities for clinical use, and a phase I 
study has already been conducted in Japan. From our 
experience in the phase I study at our hospital, 100 U/mL of 
rH-TNF is a concentration that is easily attainable in 
patients. Besides, even 1 U/mL rH-TNF showed mild but 
definite suppressive effect on L-CFU, CFU-GM. and BFU- 
E in vitro. However, because the preincubation of the 
progenitor cells with up to 1,000 U/mL of rH-TNF for 24 
hours did not result in the significant suppression of the 
colony growth of L-CFU and CFU-GM, the suppressive 
effect appeared to be cytostatic. In contrast, Broxmeyer et 
al? reported that 60 minutes of pulse exposure of norma! 
bone marrow cells to TNF produced significant suppression 
of the colony growth of CFU-GM, BFU-E, and multipoten- 
tial progenitor cells. Their results are not consistent with 
ours and suggest that the suppressive effect of TNF on 
hematopoietic progenitor cells is cytotoxic. This discrepancy 
is difficult to explain, although it may be due to differences in 
experimental conditions such as the presence or absence of 
FCS during pulse exposure time. 

In conclusion, whether the suppressive effect is cytotoxic 
or cytostatic, rH-TNF has greater suppressive effect on 
L-CFU than that on CFU-GM in vitro. rH-TNF may be of 
value in the treatment of AML. although it may cause some 
hematologic toxicity because of the suppressive effect on 
normal hematopoietic progenitor cells. 
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A New Variant of the a Subunit of Spectrin in Hereditary Elliptocytosis 


By S. Lambert and S. Zail 


A kindred is described in which two brothers with a 
poikilocytic variant of hereditary elliptocytosis (HE) were 
found to have a defect of spectrin dimer association and a 
decreased spectrin-band 3 ratio. Two-dimensional gel elec- 
trophoresis of limited tryptic digests of their spectrin 
revealed decreased amounts of the al domain when com- 
pared with control digests and the appearance of two 
major peptides with mol wts of 43,000 and 42,000 and 
isoelectric points (5.75 to 5.85) more basic than the al 
domain. Tryptic digests of spectrin from the asymptomatic 
mother of the two brothers were normal. Ilmmunoblots of 
the two-dimensional gels using an antiserum to the al 


EVERAL MOLECULAR abnormalities affecting the 

al domain of spectrin have been described in mild 
hereditary elliptocytosis (HE), which is the most prevalent 
form of hereditary elliptocytosis, and in the closely related 
condition of hereditary pyropoikilocytosis (HPP). The al 
domain constitutes the N-terminal head region of the a@ 
chain, which together with the phosphorylated 81 domain of 
the @ chain is involved in spectrin tetramer and higher 
oligomer assembly.“* Molecular lesions of these domains 
lead to defective tetramer assembly and are thought to be 
causally related to the genesis of the elliptocytes and porkilo- 
cytes characteristic of HE and HPP? 

A feature of patients with mild HE or HPP who have 
structural defects of the al domain is that limited tryptic 
digests of spectrin reveal a decrease or complete absence of 
this domain (80,000 daltons) on two-dimensional isoelectric 
focusing /sodium dodecyl sulfate-polyacrylamide gel electro- 
phoresis (SDS-PAGE).”? In one structural variant, there is a 
reciprocal increase in a 74,000-dalton peptide, HE [Sp a'/”*] 
and HPP [Sp a'/"],** and in another there is an increase in 
several tryptic peptides of 46,000 daltons with tsoelectric 
points between 5.25 and 5.35 and a peptide of 17,000 daltons 
with an isoelectric point of 5.4, HE [Sp a'/*] and HPP [Sp 
«'/**] >” (For the nomenclature of spectrin @ chain defects, 
see ref. 3.) Two kindreds with HPP described by Knowles 
and co-workers® and two kindreds with HE described by 
Marchesi and colleagues” have increased amounts of tryptic 
peptides with mol wts of 50,000 and 21,000 and similar 
isoelectric points to the abnormal peptides of HPP [Sp a'/“]. 
A third structural variant in which the abnormal peptide has 
a mol wt of 65,000 has been described only in HE: HE [Sp 
a Pea 

In this study, we report a new variant of spectrin in a 
kindred with a poikilocytic variant of HE in which the al 
domain is diminished on tryptic digestion, with the appear- 
ance of two major abnormal peptides with mol wts of 43,000 
and 42,000, and in which the isoelectric points are considera- 
bly more basic (pI 5.75 to 5.85) than previously described. 
These peptides, together with several minor lower mol wt 
peptides, are shown to be derived from the al domain, using 
immunoblots probed with an antibody to the al domain. 
Limit chymotryptic maps of the 43,000- and 42,000-dalton 
peptides confirm that they are derived from the al domain. 
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domain revealed that the 43,000- and 42,000-dalton pep- 
tides were derived from the al domain, along with a series 
of lower mol wt peptides, some of which were below the 
detection limits of Coomassie blue-stained gels. Limit chy- 
motryptic maps of "I-labeled tryptic peptides confirmed 
that the 43,000- and 42,000-dalton peptides were derived 
from the al domain. This kindred represents a new struc- 
tural variant of spectrin in HE in that the major abnormal 
tryptic peptides derived from the al domain have lower mol 
wts and more basic isoelectric points than hitherto 
described. 
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METHODS 


Patients. The propositus, M.S., aged 35 years, is a black South 
African miner who was initially investigated in 1982 after admission 
to hospital for abdominal pain. He improved with symptomatic 
therapy and has since had no recurrence of his symptoms. Both he 
and his younger brother (A.S.) (aged 30 years) were splenectomized 
in infancy, but details of these admissions are not available. Exami- 
nation of the blood smears of both A.S. and MUS. revealed a 
predominance of elliptocytes (40% to 50%), with a considerable 
number of small, densely staining poikilocytes and some budding 
RBCs (Fig 1A). RBC indices for M.S. were: hemoglobin 15.0 g/dL, 
hematocrit 42%, MCHC 36 g/dL; MCV 69 fL; reticulocyte count 
2.0%. RBC indices for A.S. were: hemoglobin 15.5 g/dL; hematocrit 
43%, MCHC 36 g/dL; MCV 68 fL; reticulocyte count 4.0%. 
Autohemolysis for both patients varied between 30% and 40% and 
was partially corrected by glucose. Osmotic fragility of fresh RBCs 
was increased, with a median cell fragility of 0.48 g/dL NaCi in 
both patients (normal! range 0.40 to 0.45 g/dL). Serum vitamin By 
and RBC and serum folate were normal. Hematologic parameters in 
the mother, who was asymptomatic and has normal RBC merphol- 
ogy (Fig 1B) were within normal limits (hemoglobin 14.7 g/dL: 
MCV 89 fL; MCHC 34 g/dL; reticulocyte count 2.0%). The father 
is deceased. A.S. has a child who is unavailable for study. Incubation 
of venous blood of both M.S. and A.S. [within 6 hours of collection 
on ice in EDTA or acid-citrate-dextrose {ACD} at 47°C for [5 
minutes leads to marked budding, distortion, and crenation of RBCs 
(Fig 1C). In contrast, no morphological alterations were seen in a 
normal control (Fig 1D) or in the mother (not shown). 

Preparation of spectrin extracts. Blood was obtained from 
patients and controls after informed consent and approval of the 


enn aha Mth AANA pun nam ALARA ALARM Acre ir n een wr win NAS wt heey 


From the Department of Haematology, School of Pathology of 
the University of the Witwatersrand, and the South African insti- 
tute for Medical Research, Johannesburg. 

Submitted April 11, 1986; accepted September 3, 1986. 

Supported by a grant from the Medical Research Council of 
South Africa. 

Address reprint requests to Dr §. Zail, Department of Haema- 
tology, South African Institute for Medical Research, PO Box 
1038, Johannesburg, 2000, Republic of South Africa. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. 81734 solely te 
indicate this fact. 

& 1987 by Grune & Stratton, Ine. 

0006-497 1 /87/6902-00 203 3.00/0 


473 








Fig 1. 
fresh RBCs of A.S.; (B) fresh RBCs of the mother of A.S.: (C) RBCs 
of A.S. heated for 15 minutes at 47 °C; (D) RBCs of a normal 
control subject heated for 15 minutes at 47 °C. 


Photomicrograph of peripheral blood smears of (A) 


project by the Research Committee of the South African Institute 
for Medical Research. Venous blood was collected in ACD, kept on 
ice, and processed within 12 hours. Erythrocyte ghosts were pre- 
pared by hypotonic lysis of washed erythrocytes at 4 °C in 30 vol of 
10 mmol/L of Tris-HCl, | mmol/L of EDTA, 25 ug/mL of phenyl- 
methylsulfonyl! fluoride (PMSF) (dissolved at 25 mg/mL of isopro- 
panol), pH 7.6, and centrifugation for 15 minutes at 30,000 g. The 
ghosts were washed four to five times in lysis buffer and then once in 
0.25 mmol/L of EDTA, pH 8.0. Extracts of spectrin for tryptic 
digestion were obtained by incubating the ghosts (2 to 3 mg/mL) in 
0.25 mmol/L of EDTA, pH 8.0, for 30 minutes at 37 °C, and the 
supernate was collected after centrifugation at 150,000 g for 30 
minutes at 4°C. Extracts of spectrin for determination of the 
proportion of spectrin dimers and tetramers in native membranes 
were obtained by incubating ghosts (2 to 3 mg/mL) in 0.25 mmol/L 
of EDTA, 25 ng/mL of PMSF, 2 ng/mL of pepstatin, 2 ng/mL of 
leupeptin, pH 8.0, for 24 hours at 0 °C and centrifugation as before. 

Tryptic digestion of spectrin. Spectrin (37 °C) extracts were 
adjusted to a concentration of 40 mmol/L of Tris HCI, 20 mmol/L 
of Na acetate (pH 7.4) containing | mmol/L of dithiothreitol 
(DTT), and digested with 1:100 wt/wt L-(tosylamido 2-phenyl) 
ethylchloromethy! ketone-trypsin (231 U/mg, Worthington Bio- 
chemical, Freehold, NJ) for 18 hours at 0 °C. Protein concentration 
was determined with a protein assay kit (Bio-Rad Laboratories, 
Richmond, CA) using bovine serum albumin (BSA) as standard. 
Digestion was stopped by addition of | mmol/L of PMSF and 
snap-freezing in solid CO, and acetone. Samples were lyophilized 
and stored at —20 °C. 

Protein electrophoresis, Analytical SDS-PAGE on tube gels 
(4% acrylamide) was performed using the conditions of Fairbanks 
and colleagues.'? One-dimensional gels stained with Coomassie blue 
were scanned with a recording densitometer (PU 8800, Pye Unicam, 
Cambridge, England). The areas under the spectrin and band 3 
peaks were cut out and weighed and the spectrin—band 3 ratio was 
determined. Samples digested with trypsin were reconstituted in 9.5 
mol/L. of urea, 2% wt/vol NP-40, 5% mercaptoethanol, and 2% 
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ampholy-es, pH 4.0 to 6.5 (Pharmalyte, Pharmacia Fine Chemicals, 
Uppsala, Sweden), Samples (150 to 200 ug of protein) were electro- 
focused for 6,500 V/h with a maximum of 400 V in 4% acrylamide 
gels containing 6.25% carrier ampholytes, pH 4.0 to 6.5, as described 
by O'Farrell.” Equilibrium was reached under these conditions since 
electrofocusing for 10,000 V/h had no effect on the separation 
pattern. Second dimension SDS-PAGE was performed on 4% to 15% 
SDS acrylamide slab gels according to the method of Laemmli'* and 
fixed and stained with 0.1% Coomassie blue G-250 in 25% isopropa- 
nol, 10% acetic acid. Peptide mol wts were derived from logarithmic 
plots of mol wt against mobility, using as markers the mol wts 
assigned to erythrocyte membrane proteins by Lux '* Preliminary 
experiments showed that these determinations correlated closely 
with mol wts derived using a commercial preparation of low-mol wt 
markers Pharmacia). Electrophoretic transfer of fixed and stained 
gels was carried out according to the method of Jackson and 
Thompson.'* Gels were extensively destained in 10% acetic acid, 
washed in four changes of water, and incubated at 4 °C in 0.025 
mol/L Tris, 0.192 mol/L of glycine, and 10 g/L SDS for 2 hours. 
Proteins were then transferred using the method of Towbin and 
co-worke-s™ for 16 hours at 7.5 V/cm. Nitrocellulose blots were 
blocked with 3% gelatin at room temperature for 1 hour and treated 
essentially according to the method of Lawler and colleagues,"' using 
an antiserum raised against the æl domain of normal spectrin (kindly 
supplied by Dr J. Lawler, St Elizabeth's Hospital, Boston). All wash 
buffers (except directly before color development) contained 0.05% 
Tween, and color development was performed using 3.3'-diamino- 
benzidine tetrahydrochloride as substrate. Blots were photographed 
using reflected light through a Wratten 47B gelatin filter to remove 
interfererce from Coomassie blue-stained peptides. Immunoblots of 
unfixed, unstained gels gave essentially similar blots but did not 
allow as Cirect a comparison of the immunoblot with the Coomassie 
blue-staired gel; therefore, immunoblots of fixed, stained gels were 
used preferentially. 

'"I-peptide mapping. Coomassie blue-stained proteins were cut 
from the -wo-dimensional polyacrylamide gels and labeled with '™I 
(557 mCi/mL, Amersham International, Amersham, England) by 
the technique of Elder and co-workers. The iodinated gel slices 
were digested with 50 ug of a-chymotrypsin (Worthington Biochem- 
ical) in 1 mL of 50 mmol/L of ammonium bicarbonate (pH 8.0) for 
25 hours at 37°C. The supernates were lyophilized. Autoradio- 
graphs of two-dimensional separations on cellulose plates (Merck, 
Darmstadt, F.R.G.) were obtained as described by Speicher and 
co-workers." 


RESULTS 


SDS-PAGE of isolated membranes. Spectrin-band 3 
ratios in M.S. and A.S. were 0.70 and 0.74, respectively. The 
ratio in eight normal controls was 1.02 + 0.06. SDS-PAGE 
of isolated membranes of M.S. and a normal control subject 
is shown in Fig 2B and 2A, respectively. Membrane proteins 
other than spectrin appeared normal in M.S. and A.S. 

Nondenaturing gel electrophoresis of 0 °C spectrin ex- 
tracts. The proportion of spectrin dimers in 0°C mem- 
brane extracts (as a percentage of the total dimer plus 
tetramer pool and excluding oligomeric forms of spectrin) 
was increased to 25% in M.S. and 30% in A.S. (Table 1). The 
percentage of dimers in the mother of the patients was 10%, 
which is at the upper limits of the range found in 10 normal 
control subjects. 

Two-aimensional isoelectric focusing/S DS-P AGE of lim- 
ited tryptic digests of spectrin. Limited tryptic digests of 
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Fig 2. Sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) of iso- 
lated RBC membranes of (A) a normal control 
subject; (B) patient M.S. 





spectrin obtained from normal control subjects produced a 
pattern of peptides on two-dimensional SDS-PAGE similar 
to that described by others. A Coomassie blue-stained con- 
trol digest (which was always run concurrently with patients’ 
samples to identify minor variations in experimental condi- 
tions) is shown in Fig 3A, and the domains of spectrin are 
labeled according to the nomenclature of Speicher and 
co-workers. The position of the BIV peptide deserves com- 
ment. We found this peptide consistently in a position above 
the al domain, in contrast to some workers™*” who found it 
positioned below the al domain. The IV peptide has been 
found variably positioned by other workers,’ who, when using 
digestion conditions identical to that used in the present 
study, also found the peptide positioned above that of the al 
domain.” 

A structural polymorphism of the all domain of spectrin, 
based on variations in mol wt and/or isoelectric point is 
present in American” and South African blacks and must be 
identified in both control and patient digests to distinguish 
any such variation from putative abnormal peptides in 


Table 1. Proportion of Spectrin Dimers 
in O °C Membrane Extracts 








Spectrin Dimers (%) 
Dimers 
Subjects — x 100 
Dimers + Tetramers 
M.S. 25 
AS. 30 
Mother 10 


Controls (range) (n = 10) 
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patients’ digests. The control digests in Fig 3A show a 
homozygous type 2 all domain variant (3,000 dalton 
increase in mol wt, and more basic isoelectric point than does 
the common type I variant), and the representative peptides 
and their proteolytic products are ringed and joined by solid 
lines. Apart from the polymorphic variations in the all 
domain, tryptic peptides maps identical to that shown in Fig 
3A were obtained in more than 40 black control subjects. 
Figure 3C shows the corresponding limit tryptic digest of 
spectrin in the propositus, M.S. There is a marked reduction 
in the intensity of staining of the 80,000-mol wt œl domain 
(pl 5.35 to 5.45) and the generation of abnormal peptides 
with mol wts of 43,000 and 42,000 (large arrows in Fig 3C). 
These peptides have isoelectric points ranging between 5.75 
to 5.85 that overlap the pl of the BIV domain. A faintly 
staining doublet of peptides with mol wts of 21,000 and 
20,000 and a peptide with a mol wt of 16,000 are also shown 
at arrows in Fig 3C and represent abnormal peptides in M.S. 
In more than 40 black control subjects, the peptides with mol 
wts of 43,000, 42,000, 21,000, 20,000, and 16,000 were not 
observed, making it highly unlikely that the pattern observed 
in A.S. and M.S. represents a structural polymorphism in 
black subjects. The polymorphic all-domain peptides and 
proteolytic products in M.S. show the features of a type 1/4 
double heterozygote and are ringed in Fig 3C to distinguish 
them from the abnormal peptides. 

An immunoblot of the control limited tryptic digest, 
probed with an antiserum to the al domain, is shown in Fig 
3B. An area corresponding to the al domain and an overlap- 
ping peptide of 76,000 daltons stains most intensely, whereas 
a series of lower mol wt peptides of similar isoelectric point to 
the al domain show less intense staining. These latter 
peptides are not visible on the corresponding Coomassie 
blue-stained gel in Fig 3A. A similar pattern of staining of 
the al domain and lower mol wt peptides of similar isoelec- 
tric point are seen on the immunoblot of M.S. shown in Fig 
3D. In addition, however, the abnormal peptides of mol wts 
of 43,000, 42,000, 21,000, 20,000, and 16,000 seen in the 
Coomassie blue-stained gel are also stained on the immuno- 
blot (large arrows in Fig 3D) suggesting that these peptides 
are derived from the al domain. Several other abnormal 
peptides also stained less intensely on the immunoblot of 
M.S. and are not visible on the Coomassie blue-stained gel. 
These are shown (small arrows) in Fig 3D. The immunoblot 
reveals that the peptides with mol wts of 21,000, 20,000, and 
16,000 have multiple isoelectric points. In addition, one 
peptide shown (asterisk in Fig 3C) was not present in control 
digests and did not appear to be derived from the al domain 
because it did not stain in the corresponding immunoblot. 
Coomassie blue-stained gels and immunoblots of A.S. were 
identical to those of M.S. Limited tryptic digests of the 
mother did not show any abnormality (not shown). 

'251_Peptide maps of the al domain and the 43.000- and 
42,000-dalton peptides. Further evidence that the major 
abnormal peptides of 43,000 and 42,000 daltons were frag- 
ments of the æl domain of spectrin in patient M.S. was shown 
by high-resolution '**I-peptide maps of these tryptic peptides. 
Limit chymotryptic '**I-peptides of the 43,000- and 42,000- 
dalton peptides (Fig. 4C and D) are contained within the 
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Fig3. Two-dimensional isoelectric focusing /sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of tryptic digests 
of spectrin extracts of a normal control subject (A and B) and patient M.S. (C and D). Coomassie blue-stained and fixed gels are shown on 
the left (A and C); the immunoblots (B and D) of the stained and fixed gels are shown on the right. An antiserum against the al domain was 
used to probe the blots. The position of some of the tryptic domains of spectrin are indicated. Large arrows in C and D show the abnormal 
peptides generated in digests of M.S. present in both the Coomassie blue-stained gels and the immunoblot. The small arrows in D depict 
minor peptides derived from the al domain but are visible only on the immunoblot. The peptide (asterisk; C) is mot present in control digests 
and does not stain on the corresponding immunoblot. The ringed peptides in A and C represent the polymorphic all domain and its 


proteolytic products. 


map of '**1-peptides of the remnant al domain of spectrin of 


M.S. (Fig 4B). Two '**I-peptides (arrows) in this map of the 
al domain of M.S. (Fig 4B) showed altered mobility when 
compared with the map of the control al domain (Fig 4A). 
These changes were not consistent in different limit chymo- 
tryptic maps of the al domain of M.S., A.S., and other 
control subjects, however, and are therefore not regarded as 
being of significance. 


DISCUSSION 


The affected members of this kindred show a significant 
degree of elliptocytosis, with considerable numbers of dense, 


bizarre poikilocytes (Fig 1A). They also have a mild defect of 
spectrin self-association, as manifested by an increase in the 
proportion of spectrin dimers in 0°C low ionic strength 
extracts of isolated membranes. We believe that these 
patients should probably be classified as a poikilocytic vari- 
ant of HE,” rather than HPP, since the degree of elliptocyto- 
sis is In excess of that seen in HPP. Moreover, the altered 
heat stability is more consistent with HE, since the RBCs of 
these patients do not show gross fragmentation when heated 
to 47°C. The distinction from HPP is, however, more 
difficult in this kindred because both patients show a 
decrease in the spectrin—band 3 ratio, which is a characteris- 
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Chromatography 


Fig 4. 
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Limit chymotryptic '**I-peptide maps of tryptic peptides of spectrin: (A) al domain of normal control; (B) al domain of MS. (C and 


D) 43,000- and 42,000-dalton peptides of M.S. The arrows depict peptides in the maps of the al domains of both the control subject and 
M.S. that exhibit changes in mobility not consistent between different experiments and therefore not regarded as being of significance. 


tic feature of HPP.” The mode of transmission is unfortu- 
nately obscure, since no data are available for the father, and 
the mother appears clinically, functionally, and biochemi- 
cally normal. 

The structural abnormality of the al domain of spectrin in 
patients M.S. and A.S. is associated with defective tetramer 
formation, as manifested by an increased proportion of 
dimers in native membranes, and is presumably the cause of 
the clinical abnormality. Defects of the al domain of spectrin 
in HE and HPP manifest on limited tryptic digests of 
spectrin as a decrease or absence of the al domain. This 
presumably reflects a conformational change in the al 
domain that renders it more susceptible to proteolysis. Some 
kindreds with mild HE or HPP demonstrate reciprocal 
generation of increased amounts of a 74,000-dalton pep- 
tide,** whereas others show increased amounts of lower mol 
wt peptides variously estimated at between 46,000 and 
50,000 daltons and 17,000 and 21,000 daltons.’ In the 
latter group, Lawler and co-workers*’ found that the 46,000- 
dalton peptides had isoelectric points (5.25 to 5.35) that were 


acidic relative to the al domain (pl 5.3 to 5.4), whereas the 
17,000-dalton peptides focused at approximately the same pl 
as the al domain. The 50,000- and 21,000-dalton peptides 
described by Knowles and colleagues® and Marchesi and 
co-workers’ in HPP and HE, respectively, had a similar 
orientation. A third variant, HE[Spa'’®*] had increased 
amounts of a peptide of mol wt 65,000.*"° In our studies, the 
al domain of normal spectrin focuses at a pl of 5.35 to 5.45, 
which is close to that found by Lawler and co-workers,’ but 
the abnormal 43,000- and 42,000-dalton peptides in M.S. 
and A.S. have isoelectric points (5.75 to 5.85) that are clearly 
basic relative to the al domain. Because we also show that 
the 43,000- and 42,000-dalton peptides are derived from the 
al domain on the basis of their cross-reactivity with an 
antiserum to the al domain (Fig 3) and their sharing of 
common peptides on high-resolution '**I-peptide mapping 
(Fig 4), patients M.S. and A.S. constitute a new variant of 
the al domain in HE. Other changes are also apparent in our 
patients. The minor abnormal peptides at 21,000, 20,000, 
and 16,000 focus on Coomassie blue-stained gels and immu- 
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noblots (Fig 3D) at isoelectric points acidic to the al domain, 
with the exception of one 16,000-dalton peptide on the 
immunoblot that has an isoelectric point similar to that of the 
al domain. The immunoblot of MS (Fig 3D) also shows 
fainter staining peptides (small arrows) above and below the 
abnormal 43,000- and 42,000-dalton peptides that may be 
precursors and products, respectively, of the major abnormal 
peptides. 

While this work was in progress, two preliminary reports 
by Marchesi and co-workers?” appeared, describing two 
black families with HE in whom abnormal tryptic peptides of 
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50,000 daltons, derived from the al domain but with isoelec- 
tric points more basic than the al domain, have been found. 
The variant spectrin described in the present study appears 
to be different from that described by Marchesi and co- 
workers” in that the major abnormal tryptic peptides have a 
considerably lower mol wt. 
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Platelet Antithrombin Defect in Malignancy: Platelet Protein Alterations 


By Elaine M. Sloand, Dianne M. Kenney, Francis C. Chao, Jack Lawler, and James L. Tullis 


Sixty-eight patients with malignant disease were divided 
into two groups based on the results of the platelet 
antithrombin test (PAT). The normal group had a PAT 
clotting time ranging from 21.4 to 29.8 seconds, which was 
equivalent to 25% to 65% inactivation of the 2 U of 
thrombin added to the test system. The other group 
showed abnormal PAT clotting time, <21.4 seconds or 
<25% thrombin inactivation. The polypeptide composition 
of platelets from the two patient groups was analyzed by 
sodium dodecyl sulfate (SDS)-electrophoresis on 7.5% 
polyacrylamide gels. A polypeptide of 180,000 apparent 
mol wt was decreased or absent in both Coomassie blue- 
and Alcian blue-stained gels of the platelets from patients 
whose PAT was abnormal; this polypeptide comigrated 
with purified platelet thrombospondin. Tritium labeling of 
platelet surface glycoproteins by the periodate-borohy- 
dride method followed by two-dimensional electrophoresis 
was performed on platelets of seven patients with abnor- 


HE CLOTTING ACTIVITY of a-thrombin can be 
neutralized by intact human platelets. This activity is 
referred to as platelet antithrombin.’ Thrombin inactivation 
by normal platelets has been shown to be membrane depen- 
dent for two-thirds of the activity and secondary to the 
release of intracellular platelet fibrinogen for the other 
third? A simple two-stage assay has established the normal 
physiologic range’ and has been used to demonstrate a 
decrease in platelet antithrombin activity in certain patho- 
logic states. This includes patients with primary (congenital) 
deficiencies* as well as patients with apparent acquired 
deficiency secondary to malignant states. In a separate 
clinical study, one third of the patients with advanced/ 
disseminated adenocarcinomas, melanomas, and myelopro- 
liferative disorders were found to have a consistent decrease 
in platelet antithrombin activity." 

The present study was designed to determine whether 
changes in platelet proteins could be correlated with abnor- 
mal platelet antithrombin activity. A group of patients with 
malignant disease and reduction in platelet antithrombin 
activity was compared with a group of patients with similar 
malignancies in whom thrombin inactivation by platelets was 
normal. The platelet proteins from these two groups of 
patients were analyzed by several electrophoretic and immu- 
nochemical techniques. The results demonstrate that two 
platelet proteins are altered in cancer patients whose plate- 
lets show defective inactivation of thrombin. One shows the 
characteristics of the membrane glycoprotein Ib (GpIb) and 
the other shows an a-granule component, thrombospondin. 


MATERIALS AND METHODS 


Patient population. Sixty-eight patients from the medical 
oncology ward of the New England Deaconess Hospital were divided 
into two groups on the basis of platelet antithrombin test (PAT) 
results. All were part of a larger clinical study involving platelet 
antithrombin determinations on > 200 patients with advanced malig- 
nant disease. Malignancies studied included ovary, lung, colon, 
melanoma, and lymphoma. Patients who were receiving aspirin, 
nonsteroidal antiinflammatory agents, or vinca alkaloids were 
excluded. As established previously,’ results of PAT measurement 
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mal PAT. When they were compared with ten patients 
with normal PAT, a glycoprotein of 140,000 apparent mol 
wt with a pl of 4.5 to 5.2 was decreased in platelets of all 
seven patients with abnormal PAT. Nitrocellulose replicas 
of one-dimensional gels of platelets from 13 of 14 patients 
with abnormal PAT showed decreased reaction with an 
anti-human platelet glycocalicin antiserum. Plateiets of 
these same patients also showed a decreased or absent 
platelet agglutination induced by ristocetin. Patients with 
normal PAT had a mean agglutination slope of 1.25 + 0.6 
(n = 26) as compared with 0.37 + 0.34 (n = 26) for the 
abnormal PAT group (P < .001). Results indicate that 
platelets from a subpopulation of tumor patients charac- 
terized by decreased platelet antithrombin activity have 
alterations in two platelet glycoproteins, identified as GPIb 
and thrombospondin. 

© 1987 by Grune & Stratton, Inc. 


follow a biomodal distribution. Patients with abnormal PAT had a 
clotting time <20.5 seconds (PAT measurement is also described in 
the Results section). Fourteen of the 37 patients with an abnormal 
PAT and 15 of the 31 patients with a normal PAT were not on 
current chemotherapy. The members of each group who were 
receiving chemotherapy had equal exposure to standard agents such 
as floxuridine (FUDR), cytoxan, cisplatinum, 5-fluorouracil (5- 
FU), and adriamycin. 

Platelet preparation. Venous blood was drawn from the 68 
patients and from three normal! individuals (healthy controls) and 
mixed with acid-citrate-dextrose (ACD) [National Institutes of 
Health (NIH), Formula A] and EDTA anticoagulant solution to 
yield final concentrations of 15% (vol) ACD and 5 mmol/L of 
EDTA. After centrifugation at room temperature at 130 g for 15 
minutes, the platelet-rich plasma (PRP) was removed, a 20% vol of 
ACD-EDTA was added, and the platelets were pelleted by centrifu- 
gation at 1,200 g for 15 minutes. Platelets were washed twice by 
resuspension in Tris-buffered saline (TBS) containing 10% ACD- 
EDTA. Platelet aliquots used for the PAT were resuspended without 
anticoagulants and adjusted at 2 x 10°/mL. For electrophoresis, 
platelets were resuspended at | x 10’°/mL in 67 mmol/L of 
Tris-HCI buffered 100 mmol/L of NaCl with 5 mmol/L of EDTA 
and 5 mmol/L of iodoacetamide. 

Assay for platelet antithrombin activity. Platelet antithrombin 
activity was measured by a two-stage assay described previously.“ 
Washed platelets (0.5 mL) were incubated for 10 minutes at room 
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temperature with 0.5 mL of thrombin solution (Parke-Davis, Morris 
Plains, NJ) at 4 NIH U/mL. Commercial thrombin gave results 
comparable to those of purified human thrombin.’ After incubation, 

.2 mL of the reaction mixture was added to 0.2 mL of fibrinogen 
(2 mg/mL) prewarmed at 37°C for 5 minutes. The clotting time 
was then determined. The variation between duplicate samples 
averaged 0.7 seconds (range 0 to 1.5 seconds). 

SDS-Polyacrylamide gel electrophoresis (PAGE). Polypeptides 
were fractionated by SDS-PAGE according to the procedure of 
Laemmli’ using a 7.5% polyacrylamide resolving gel and a 4% 
stacking gel. Washed platelets were solubilized with 3% SDS and 
boiled for 3 minutes and were then treated with 10 mmol/L of 
dithiothreitol for | minute at 100 °C. Equivalent protein concentra- 
tions (20 to 80 ug) were applied in each analysis of platelets from 
patients with normal] and abnormal PAT. 

Gels were stained with Coomassie blue and Alcian blue. For 
Alcian blue staining,» polyacrylamide gels were fixed in 12.5% 
trichloroacetic acid for 30 minutes and were then treated for 50 
minutes at room temperature with 7% periodic acid in 3% acetic 
acid. The fixed gels were washed twice with 200 mL of distilled 
water and soaked in 0.5% metabisulfite for 30 minutes. The gels 
were washed and stained with 1% Alcian blue (in 3% acetic acid) 
overnight and destained in 7% acetic acid. Standard mol wt marker 
proteins were: spectrin heterodimer (240,00 and 220,000) — galac- 
tosidase (130,000), phosphorlyase A (94,000), albumin (68,000), 
glutamate dehydrogenase (56,000), creatinine kinase (40,000), an 
carbonic anhydrase (29,000). | 

Radiolabeling of surface carbohydrate moieties. Surface sialic 
acid residues of glycoproteins were labeled with °H by the method of 
Steiner and colleagues’ with some modifications. Platelets washed 
twice in Tyrodes’ solution containing 5 mmol/L of EDTA, buffered 
at pH 6.8 with 10 mmol/L of N-2 hydroxethylpiperazine-N-2- 
ethanesulfonic acid (HEPES) (HTE), were resuspended in a 1- to 
2-mL vol of HTE at 0.5 x 10? cells/mL. Sodium periodate was 
added to a final concentration of 2 mmol/L, and the reaction 
mixture was incubated at 4°C in darkness for 20 minutes. 
Unreacted periodate was removed by two washes with HTE at pH 
7.6, and the platelets were resuspended in | to 2 mL of the same 
buffer. "[H] NaBH, (5 mCi in 50 uL of cold 0.01 mol/L of NaOH) 
was added to a final concentration of 500 uwCi/0.5 x 10° platelets 
and incubated for 30 minutes at room temperature with periodic 
agitation. Radiolabeled platelets were washed twice, resuspended in 
HTE (pH 6.8), and extracted with 0.5% NP-40 in the presence of 5 
mmol/L of iodoacetamide. Extracts of radiolabeled platelets, rou- 
tinely frozen at — 20 °C, were thawed and clarified by centrifugation 
at 1,200 g for 15 minutes and subjected to one- or two-dimensional 
SDS-PAGE. Polyacrylamide gels containing *H-labeled proteins 
were prepared for fluorography by being impregnated in 22% 
(wt/vol) diphenyloxazole in dimethylsulfoxide (DMSO) as 
described by Bonner and Laskey.'° This technique was also used to 
analyze xylocaine-treated platelets (described later). 

Two-dimensional gel electrophoresis. Two-dimensional isoelec- 
tric focusing~SDS-gel electrophoresis was performed by a method 
modified from O’Farrell.'' Extracts of radiolabeled platelets were 
prepared for isoelectric focusing by adding solid urea and dithio- 
threitol to final concentrations of 9.5 mol/L and 100 mmol/L, 
respectively. Samples containing 20 ug of protein were applied to the 
isoelectric focusing gels, which were composed of 3.5% acrylamide, 
3.2% Triton X-100 (Fisher Scientific, Springfield, NJ), 4% Amphol- 
ines (pH range 5 to 8), 0.4% Ampholines (pH range 4 to 6), 0.6% 
Ampholines (pH range 3.5 to 10), and focused for 16 hours at 400 V 
and for 2 hours at 1.000 V. The pH values (reflecting relative 
isoelectric points of separated proteins) were measured from 
Ampholines eluted from 5-mm slices of duplicate gels that had been 
focused in parallel without protein samples. Extraction with NP-40 
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allowed determination of the relative isoelectric points of nondena- 
tured polypeptides by two-dimensional electrophoresis and of mol wt 
by SDS-PAGE on polypeptides on the same sample. 

Isolation of giycocalicin and thrombospondin. Glycocalicin was 
isolated from platelet concentrates that were unsuitable for clinical 
transfusion, using the methods of Okumura and co-workers? and 
Clemetson and colleagues, with some modification. The platelets 
were washed three times with 0.02 mol/L of Tris-HCI (pH 7.6), 0.15 
mol/L of NaCl and | mmol/L EDTA (TSE) solution, resuspended 
in 1.0 mol/L of NaCl, 0.02 mol/L of Tris-HCI (pH 7.6) and | 
mmol/L of EDTA, incubated while being stirred at 22 °C for 1 hour, 
and then centrifuged at 50,000 g for | hour at 4 °C. The supernatant 
was dialyzed at 4°C against 0.02 mol/L of Tris-HCI (pH 7.6) 
containing | mmol/L of EDTA to reduce the NaCl concentration to 
0.15 mol/L and applied to a column (0.9 x 9 cm) of wheat germ 
agglutinin (WGA) coupled to Sepharose 6-B (Pharmacia, Sweden). 
Stepwise elution was performed with TSE alone and with TSE 
containing 4.5 mmol/L of N-acetylglucosamine (GlcNAc) or 450 
mmol/L of GicNAc. The 450-mmol/L GIcNAc eluate was dialyzed 
against 6 mmol/L of potassium phosphate buffer (pH 6.8) with 0.2 
mmol/L of EDTA for six changes over 72 hours and then applied to 
a column (2.5 x 8 cm) of freshly prepared hydroxylapatite. Stepwise 
elution was performed with 6, 40, and 200 mmol/L of potassium 
phosphate buffer containing 0.2 mmol/L of EDTA. The fraction 
eluted with 40 mmol/L of potassium phosphate showed a single 
band of 130,000 apparent mol wt when analyzed by SDS-PAGE 
followed by Alcian blue staining. Purified glycocalicin was stored at 
~ 20°C. Thrombospondin was isolated from the supernatants of 
washed platelets that had been treated with thrombin by the method 
described previously." 

Antiserum preparation. Antiplatelet glycocalicin antiserum 
(raised in rabbits) was obtained from PRP, Inc. (Newton, MA). 
Antithrombospondin antiserum was prepared in mice. Female 
BALB/c mice, aged 6 to 10 weeks, were immunized by intraperito- 
neal (IP) injections with 0.1 mg of purified human platelet throm- 
bospondin and emulsified in complete Freund's adjuvant followed by 
two booster IP injections (at 3-week intervals) of 50 ug of antigen in 
TBS/2 mmol/L of CaCl, in incomplete Freund’s adjuvant. Serum 
containing antibody was prepared from blood collected 3 weeks after 
the second booster injection. 

Electroblotting and immune staining. Washed platelets were 
solubilized with SDS and fractionated by SDS-PAGE on 7.5% slab 
gels.’ Fractionated polypeptides were electrophoretically transferred 
to nitrocellulose paper at 30 V for 20 to 24 hours at 10 °C in pH 8.3 
buffer containing 25 mmol/L of Tris, and 192 mmol/L of glycine as 
described,’ except that no methanol was used. Nitrocellulose repli- 
cas were washed in 0.15 mol/L of NaCl, incubated with phosphate- 
buffered saline (PBS; pH 7.5) containing 5% bovine serum albumin 
{PBS-albumin) for 1 hour at 22 °C, then washed with five changes of 
0.15 mol/L of NaC] solution over 30 minutes. The protein blots were 
incubated with either the monospecific antisera against human 
platelet glycocalicin or thrombespondin, washed, then incubated 
with horseradish peroxidase (HR P)-conjugated goat anti-rabbit IgG 
(for glycocalicin), or goat anti-mouse IgG (for thrombospondin) (10 
ul/10 mL TBS, Cooper Biomedical [Cappel Division], Malvern, 
PA) for | hour at 22°C. Bound anti-IgGs were detected with 
4-chloro-1-napthol (0.6 mg/mL) and 0.3% hydrogen peroxide in a 
solution of 20% methanol and 50 mmol/L of Tris-HCI (pH 7.6). 

Measurement of ristocetin-induced agglutination. Formalin- 
fixed platelets were prepared for ristocetin agglutination by a 
method modified from Coller and co-workers'® using Gaintner’s 
buffer.” A single batch of pooled normal citrate anticoagulated 
plasma (diluted 1:2) was used as the standard source of factor VIH 
von Willebrand factor (vWf). The platelet suspension (0.35 mL) 
was incubated with 0.1 mL of the plasma at 37 °C, and aggregation 
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was induced by the addition of ristocetin (50 uL of 1.5 mg/mL). The 
steepest slope of the agglutination curve was used to assess ristocetin 
agglutination as described by Weiss." 

Xylocaine-treatment of platelets. Washed platelets in TBS 
(1 x 10°/mL) were incubated with xylocaine (40 mmol/L) at 37 °C 
for 3 hours as described by Coller.” Control samples were incubated 
in the presence of 5 mmol/L of EDTA without xylocaine. After 
incubation, platelets were washed twice in Tris-buffered saline and 
prepared for PAT measurement and surface leveling as described 
previously. 

Other methods. Platelet sizing and WBC determinations were 
done electronically using a Coulter Counter (Model-S). All platelet 
preparations were 99.9% leukocyte-free. Protein determinations 
were performed by the method of Lowry and colleagues.” Individual 
polypeptides in electrophoresis gels and autoradiograms were esti- 
mated by densitometric scanning using a 580-nm filter on a Hoeffer 
gel densitometer. 


RESULTS 


The platelets from 68 tumor patients were studied. Of this 
group, 37 had abnormal platelet antithrombin. The PATs in 
the abnormal group ranged from 17.0 to 20.5 seconds with an 
average of 18.6 seconds (SD 0.96), The PATs of the normal 
group ranged from 21.4 to 29.8 seconds with an average of 
25.4 seconds (SD 1.97). The coefficient of variation was 
5.2% for the abnormal group and 7.8% for the normal 
group. 

When the polypeptide composition of platelets from the 37 
patients with abnormal PAT was analyzed by SDS-PAGE 
and compared with the protein composition of platelets from 
31 patients with normal PAT and three healthy individuals, a 
marked reduction in a polypeptide of 180,000 apparent mol 
wt was demonstrated; this difference was evident when gels 
were Stained with either Alcian blue or Coomassie blue (Fig 
1A and B). Staining by Alcian blue was found to be more 
sensitive than that by Coomassie blue, however, in demon- 
strating alterations of 180,000 mol wt polypeptide. This 
polypeptide could be readily detected by Alcian blue stain 
when only 20 to 40 ug protein from normal platelets was 


Fig 1. Polypeptide composition of plate- 
iets from individuals with normal and abnor- 
mal platelet antithrombin test (PAT). 
Washed platelets were solubilized in 3% 
sodium dodecyl sulfate (SDS) and fraction- 
ated by SDS-polyacrylamide gel electropho- 
resis (PAGE) on 7.5% polyacrylamide gels 
under reducing conditions. Gels were stained 
with Coomassie blue (A) and Alcian blue (B): 
lane 1, healthy control; lane 2, patient with 
normal PAT; lanes 3 and 4, patients with 
abnormal PAT. A polypeptide at 170,000 
apparent mol wt is diminished in platelets 
from patients with abnormal PAT (arrows). 
For the Alcian blue-stained gels, the tracking 
dye was run off the leading edge for 30 
minutes to improve resolution of high mol wt 
components. Positions of standard mol wt 
proteins are as indicated. 
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applied to the gels, whereas 40 to 80 ug of normal platelet 
protein was required to detect this polypeptide by Coomassie 
blue staining. By means of Alcian blue staining, the 180,000- 
mol wt polypeptide was shown to be decreased or absent in 36 
of 37 samples with abnormal PAT and present in the 34 
control samples with normal PAT. Purified human platelet 
thrombospondin, analyzed in parallel with platelet samples, 
exhibited identical electrophoretic mobility and staining 
characteristics (under reducing conditions) to this 180,000- 
mol wt polypeptide (Fig 2). Furthermore, the nitrocellulose 
replicas of SDS gels of normal platelet proteins showed 
reaction of this 180,000-mol wt polypeptide with a monospe- 
cific antiserum against human platelet thrombospondin; this 
polypeptide also was decreased or absent in platelets from 
patients with abnormal PAT (Fig 2). On this basis, the 
decreased polypeptide in platelets from patients with abnor- 
mal PAT was identified as thrombospondin. 

Platelet surface glycoproteins from seven of the cancer 
patients whose platelets showed an abnormal PAT and those 
from ten individuals with a normal PAT were radiolabeled 
with `H and analyzed by two-dimensional isoelectric focus- 
ing/SDS-electrophoresis and autoradiography (Fig 3). 
Under the precise experimental conditions described previ- 
ously in the Materials and Methods section, platelets from 
patients with normal PAT showed three major radiolabeled 
polypeptides. These polypeptides had apparent reduced mol 
wts of 140,000, 120,000, and. 100,000, and relative pls of 4.5 
to 5.2, 5.3 to 5.5, and 5.3 to 5.5, respectively. The polypeptide 
of ~140,000 mol wt and pl 4.5 to 5.2 was diminished or 
absent in all seven patients with low PAT. Quantitation of 
labeled polypeptides by densitometric scanning of autoradio- 
grams showed that the ratio of the densities of the 140,000- 
to the 120,000-mol wt polypeptide was significantly lower in 
the abnormal group than in the normal patient group, 
whereas the densities of the | 20,000-mol wt polypeptide were 
similar in both groups. 

Studies were undertaken to examine platelets of the two 
patient groups with a specific immunochemical probe for 
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GPIb—a polyclonal antiserum against purified human plate- 
let glycocalicin, The antiserum (raised in rabbits) reacted 
with highly purified glycocalicin (mol wt 130,000) and a 
single, *H-labeled polypeptide of apparent reduced mol wt 
140,000 when evaluated by staining of nitrocellulose replicas 
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Fig3. °H-labeled glycoproteins of platelets from a patient with 
abnormal platelet antithrombin test (PAT). Platelets from patients 
with normal (A) and abnormal (B) PAT were fractionated by 
two-dimensional isoelectric focusing and sodium dodecyl sulfate- 
polyacrylamide gel electrophoresis (SDS-PAGE). In autoradiogram 
B, a protein of 140,000 apparent mol wt and pl of 4.7 is absent but 
is present in the control platelets shown in A. Mol wt standards 
are shown on right, and the relative isoelectric points of fraction- 
ated polypeptides are shown on the ordinate. 
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Fig 2. Decreased platelet thrombospondin in 
patients with low platelet antithrombin test (PAT). 
Washed platelets and purified thrombospondin were 
fractionated by sodium dodecyl sulfate-polyacryl- 
amide gel electrophoresis (SDS-PAGE) under reducing 
conditions and stained with Coomassie blue (lanes 1 
through 3). Lane 1, platelets from a patient with 
abnormal PAT; lane 2, platelets from a patient with 
normal PAT; lane 3, purified thrombospondin. Nitro- 
cellulose replicas of polyacrylamide gels containing 
purified thrombospondin (lane 4) and platelets from a 
healthy control (lane 5), a patient with normal PAT 
(lane 8), and two patients with abnormal PAT (lanes 6 
and 7) were stained by horseradish peroxidase (HRP)- 
conjugated anti-mouse IgG after incubation with an 
antiserum monospecific for human platelet thrombo- 
spondin. The 180,000-mol wt polypeptide is reduced 
in lane 1 (arrow) and is absent in lanes 6 and 7. 
Position of standard mol wt proteins are shown on 
right. 


of SDS gels containing isolated glycocalicin and the fraction- 
ated polypeptides of *H-labeled, normal platelets (Fig 4). 
Platelet GPIb from 14 tumor patients with abnormal PAT 
and seven normal control subjects were analyzed by the 
immune replica technique, using the monospecific antiglyco- 
calicin antiserum. There was a reduction in the intensity of 
Staining of the polypeptide corresponding to GPIb in 13 of 
the 14 patients with abnormal PAT when compared with 
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Fig4. Specificity of anti-human platelet glycocalicin for mem- 
brane glycoprotein GPib. Washed normal human platelets were 
reacted with *(H)NaBH, after periodate treatment. The °H-labeled 
platelets were extracted with NP-40 and then fractionated by 
sodium dodecyl sulfate (SDS)-electrophoresis on a 7.5% polyacryl- 
amide resolving gel under reducing conditions. Platelet extract: 
stained with Coomassie blue (lane 1), Alcian blue (lane 2), after 
fluorography to detect radiolabeled surface glycoproteins (lane 3), 
and in a nitrocellulose replica after reaction with the anti-human 
platelet glycocalicin antiserum, which stained a polypeptide of 
140,000 mol wt (A) (lane 5). Lanes 4 and 6 represent the 
corresponding reactions of purified human platelet glycocalicin 
(3 ug) with Alcian blue and with the antiglycocalicin antiserum, 
respectively. Positions of mol wt standards are shown on right. 


PLATELET ANTITHROMBIN DEFECT IN MALIGNANCY 


platelets from seven normal control subjects (Fig 5, lanes 3 
through 6). Degradation products of GPIb were visible 
(indicated by low mol wt polypeptide that reacted with the 
antiglycocalicin antiserum) in four patients with abnormal 
PAT (Fig 5, lanes 3 and 4). The apparent mol wt for two 
degradation polypeptides shown by the two diffuse bands in 
Fig 5, lane 4 were 120,000 and 105,000. 

Ristocetin-induced platelet agglutination was signifi- 
cantly lower in patients with abnormal PAT. For the group 
with normal PAT, the average steepest slope of agglutination 
was 1.25 + 0.6 (n = 28). For the group with abnormal PAT, 
the average slope was 0.37 + 0.34 (n = 26) (Fig 6). The 
difference between those two groups was statistically signifi- 
cant (P < .001). 

Attempts to reproduce the PAT defect in normal platelets 
in vitro were made by exposing platelets to xylocaine, which 
is known to stimulate proteolysis of GPIb.™ In two experi- 
ments, xylocaine treatment produced a decrease of anti- 
thrombin activity in platelets. The PAT was reduced from 31 
seconds before treatment to 21 seconds after treatment in one 
experiment and from 23 seconds to 18 seconds in another. 
The effect of the xylocaine treatment could be seen on the 
two-dimensional PAGE and autoradiogram of *H-labeled 
platelets as an absence of a protein of 140,000 mol wt at pl of 
4.5 to 5.2 (Fig 7). 


DISCUSSION 


Platelet antithrombin activity denotes the ability of plate- 
lets to neutralize the clotting activity of thrombin.’ Previous 
reports??? have implicated GPIb as the protein responsible 





Fig 5. Alterations of the platelet GPIb in patients with abnor- 
mal platelet antithrombin test (PAT). Platelets (40 ug) and purified 
glycocalicin (2 ug) and thrombospondin (2 ug) were subjected to 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) and then electrophoretically transferred to the nitrocellu- 
lose paper. The replicas were stained by horseradish peroxidase 
(HRP)-conjugated anti-rabbit IgG after incubation with a monospe- 
cific antiserum against purified human platelet glycocalicin. Lane 
1, purified glycocalicin: lane 2, purified thrombospondin; lanes 3 
through 5, patients with abnormal PAT; lane 6, healthy control 
subject. The estimated mol wt for glycocalicin is 127,000 (lane 1); 
for GPib (lanes 5 and 6), 140,000, and for the two degradation 
polypeptides in lane 4, 120,000 and 105,000. Position of standard 
mol wt proteins is shown on right. 
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Fig 6. Ristocetin-induced 
agglutination of platelets from 
two patients with normal plate- 
let antithrombin test (PAT) 
(curves A and B) and two 
patients with abnormal PAT 
(curves C and D). Results were 
from a typical experiment using 
identical concentrations of 
pooled plasma and ristocetin 
for all samples tested. 
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for antithrombin activity. Glycocalicin, a proteolytic product 
of GPIb, has been shown by other investigators to prolong the 
thrombin clotting time and inhibit competitively ristocetin- 
induced platelet aggregation™™; it has been implicated as 
the site of thrombin and vWF binding within the GPIb 
molecule.'? Recently, Takamatsu and colleagues,” by chemi- 
cal cross-linking studies, demonstrated one major thrombin 
receptor on the platelet surface and showed that the receptor 
binding is blocked by antiglycocalicin antibody. 

In this study, a platelet glycoprotein interacting with 
antiglycocalicin antibody and having a mol wt of 140,000 
and a pl of 4.5 to 5.2 was decreased in patients with an 
abnormal PAT. The electrophoretic pattern (as described 
previously), which showed characteristics similar to those of 
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Fig 7. Surface-labeled glycoproteins of platelets after treat- 


ment with xylocaine (4 mmol/L). The glycoproteins of xylocaine- 
treated platelets were °H-labeled and fractionated by two-dimen- 
sional isoelectric focusing sodium dodecyl sulfate polyacrylamide 
gel electrophoresis (SDS-PAGE). Panel B shows the absence of a 
protein of apparent mol wt of 140,000 and a pl of 4.5 to 5.2 that is 
present in the nontreated control platelets (A). Mol wt standards 
are shown at right, and the relative isoelectric points are shown on 
the ordinate. 
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GPIb as reported by others,”’* along with positive staining 
of the immunoblot by antiglycocalicin antibody, suggests 
that this protein is GPIb. 

The mechanism that produces the GPIb defect as demon- 
strated in this study is not known. It may be due to 
quantitative reduction of GPIb on the platelet surface or toa 
structural alteration of the molecule so that it no longer 
reacts to monospecific antibody against glycocalicin. GPIb is 
a prominent surface membrane glycoprotein, rich in sialic 
acid content and, as such, can be readily labeled with 
tritiated borohydride after generation of reactive carbonyl 
groups with sodium periodate. When tritiated platelets were 
analyzed by two-dimensional PAGE, a deficiency of GPIb 
also was demonstrated in platelets from patients with low 
PAT. The latter results may reflect less glycosylation of 
GPIb. Disialation by neurominidase treatment, however, 
caused a retardation of electrophoretic mobility of GPIb in 
SDS-PAGE.” Results from the present surface labeling and 
immunoblotting studies failed to show such effects. 

Ristocetin-mediated binding of vWF to normal platelets is 
dependent on the integrity of GPIb.” Antibodies prepared 
against GPIb have prevented platelet agglutination in 
response to ristocetin.” Platelets of patients with Bernard- 
Soulier syndrome who are deficient in GPIb also fail to 
respond to ristocetin and bind less thrombin than do normal 
patients.” 

Decreased concentrations of GPIb have been described in 
thrombocythemia by other investigators.*'*? This is consis- 
tent with the previously reported decreases in PAT in that 
disease.* Additional supporting evidence that GPIb is the 
platelet protein accounting for most platelet antithrombin 
activity comes from experiments dealing with exposure of 
normal platelets to xylocaine. This procedure causes cleav- 
age of glycocalicin from GPIb (Fig 7) as well as diminished 
platelet antithrombin activity. 

Both thrombin and plasmin are known to degrade 
GPIb.™? Therefore, the depletion of GPIb from platelets 
may be the result of the generation of circulating proteolytic 
enzymes in cancer patients. No direct evidence confirms 
proteolysis of GPIb of platelets with reduced PAT; however, 
the demonstration of low mol wt fragments of GPIb is 
consistent with proteolytic degradation of this surface glyco- 
protein. Release of calcium-dependent protease (CDP) from 
platelets can also cause depletion of GPIb.** Because all 
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platelet samples were prepared and lysed in the presence of 
EDTA and iodoacetamide, which are inhibitors of CDP. it 
is doubtful that depletion of GPIb from platelets is an in vitro 
phenomenon caused by the release of CDP during washing 
and solubilization of platelets. 

Diminished platelet sialic acid content has previously been 
associated with malignancy,“ as has increased plasma sialic 
acid.” The latter has been correlated with the extent of 
tumor mass.” Because glycocalicin is found to circulate in 
normal plasma,” it would be of interest to determine if any 
portion o” the increased plasma sialic acid is accounted for by 
glycocalicin. 

Decrezsed amounts of a second protein of apparent mol wt 
of 180,0C0 were also found in platelets of patients with low 
PAT. This protein was identified as thrombospondin on the 
basis of a comparison of its electrophoretic, immunologic, 
and staining properties with those of purified thrombospon- 
din. Thrembospondin is an e-granular protein, composed of 
three apparently identical chains. It is released and expressed 
on the pletelet surface in response to thrombin stimulation. 
Thrombospondin is deficient in platelets from patients with 
gray platelet syndrome” as well as from patients with 
thrombocythemia.“ Thrombospondin has been postulated 
to have multiple functions. The presence of thrombospondin 
on the platelet membrane was found to increase fibrinogen 
binding.“ Because surface-bound fibrinogen accounts for 
25% of the platelet antithrombin activity,’ the absence of 
thrombos ondin could indirectly account for the decrease in 
PAT. 

it is unknown at this time whether the similar protein 
changes account for platelet antithrombin defect in nonma- 
lignant disease.* In addition, the unequivocal proof of a 
cause-effect relationship between platelet antithrombin defi- 
ciency and the depletion of GPIb and thrombospondin is still 
lacking. Nevertheless, this study provides the first evidence 
to link the antithrombin defect and alterations of glycopro- 
teins in platelets from patients with malignant disease. 
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Interrelationship Between Mitosis and Endomitosis in Cultures of Human 
Megakaryocyte Progenitor Cells 


By Moises Arriaga, Karen South, Janet Lee Cohen, and Eric M. Mazur 


Sera from dogs rendered aplastic by total-body irradiation 
stimulate human bone marrow megakaryocyte progenitors 
to form megakaryocyte colonies in plasma clot cultures. In 
this investigation, we evaluated the effects of varying 
concentrations of such sera on both the mitotic and 
endomitotic phases of human megakaryocyte development 
in vitro. When low concentrations of aplastic canine sera 
(2.5% to 5.0% [vol/vol]) were added to cultures of human 
peripheral blood mononuclear cells in place of normal AB 
serum, megakaryocyte colony formation was augmented 
fivefold, cell numbers per colony increased approximately 
2.5-fold, and the geometric mean megakaryocyte ploidy 
almost doubled. Further increasing the aplastic canine 
serum concentration from 10% to 30% (vol/vol) stimulated 
no additional colony formation. However, there was a 
further augmentation of cell numbers per colony asso- 
ciated with a progressive decrease in the mean mega- 
karyocyte ploidy. Megakaryocyte cultures were harvested 
after 7, 12, 15, and 19 days of incubation, and these 
demonstrated that the lower mean ploidy values found at 


HE DEVELOPMENT of a clonogenic in vitro culture 
system for the human megakaryocyte progenitor cell 
(CFU-Meg) has led to the identification of a serum sub- 
stance, megakaryocyte colony—stimulating factor (Meg- 
CSF), that stimulates mitosis and the early development of 
the CFU-Meg.'? This factor promotes in vitro megakaryo- 
cyte colony formation from normal human CFU-Meg and 
increases the number of megakaryocytes developing in each 
colony. Meg-CSF has been detected in sera obtained from 
patients with aplastic anemia,'? amegakaryocytic thrombo- 
cytopenia*® and from patients who are at a hematologic nadir 
following chemotherapy.’ Because Meg-CSF is not detected 
in sera from patients with consumptive thrombocytopenia, 
we have postulated that its elaboration is a response to the 
depletion of bone marrow megakaryocytes or megakaryocyte 
progenitor cells.” 
We recently described and partially characterized an 
analogous Meg-CSF in the sera of dogs rendered aplastic by 
total-body irradiation. Canine is as active as human Meg- 
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the higher concentrations of aplastic canine serum did not 
result from delayed endoreduplication. At all aplastic 
serum concentrations evaluated. there existed a strong 
correlation between nuclear ploidy and cell diameter. We 
conclude that both the mitotic and endomitotic events in 
human megakaryocytopoiesis may be influenced by a fac- 
tor or factors present in aplastic canine serum. At lower in 
vitro concentrations, such sera stimulate both mitosis and 
endomitosis, which promotes the development of mega- 
karyocyte colonies composed of larger cells with a higher 
mean ploidy. With increasing aplastic serum concentra- 
tions, colony formation plateaus and mitosis is favored over 
endomitosis. This results in colonies composed of more 
numerous but smaller megakaryocytes with a iower mean 
ploidy. Our data suggest that the size and extent of 
polyploidization that can be achieved by a developing 
megakaryocyte may be influenced by the mitotic prior 
history of its immediate precursor cell. 

è 1987 by Grune & Stratton, inc. 


CSF in promoting mitotic expansion and the early develop- 
ment of human megakaryocyte progenitors. However, resul- 
tant platelet production is determined not only by the 
number of cell divisions occurring during CFU-Meg develop- 
ment. The mitotic amplification of each megakaryocyte 
progenitor cell is generally followed by a variable number of 
endomitotic nuclear replications. This results in a population 
of mature megakaryocytes that is heterogeneous with respect 
to ploidy. Because platelet production per megakaryocyte 
increases with ploidy, the total number of platelets produced 
from the development of each megakaryocyte progenitor is 
determined predominantly by the extents to which mitosis 
and endomitosis occur.’ 

The regulatory determinants of megakaryocyte polyploid- 
ization are not well understood. In this investigation, we have 
explored the hypothesis that mitotic events occurring during 
early megakaryocytopoiesis may interact with subsequent 
megakaryocyte polyploidization. We have used a plasma clot 
culture system for human peripheral blood CFU-Meg in 
which varying mitotic stimulation was provided by different 
concentrations of Meg-CSF contaming aplastic canine sera. 
Techniques were developed for the concurrent in situ immu- 
nochemical identification, enumeration, and DNA quantita- 
tion of cultured megakaryocytes. Aplastic canine sera 
induced significant concentration-dependent effects on both 
the mitotic and endomitotic phases of human megakaryocyte 
development in vitro. Our data suggest that these two 
processes may be linked. 


MATERIALS AND METHODS 


Human subjects. Peripheral blood for CFU-Meg cultures and 
normal AB sera was obtained by routine venipuncture from consent- 
ing healthy adult donors who provided written informed consent, 

Canine sera. Aplastic canine sera were prepared as previously 
described.® The lot of serum used in this investigation was harvested 
from an animal whose platelet count was 4,000/uL at the time of 
sacrifice. 
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MEGAKARYOCYTE POLYPLOIDIZATION IN CULTURE 


Plasma clot megakaryocyte cultures. Human peripheral blood 
was diluted 1:1 with a-medium minus nucleosides (GIBCO, Grand 
Island, NY) containing preservative-free heparin at 20 U/mL. 
Mononuclear cells were isolated by Ficoll 400-sodium diatrizoate 
(LSM, Litton Bionetics, Kensington, MD) density centrifugation. 
The cells were suspended in a-medium containing 20% AB serum, 
and the plastic-adherent cells were removed by a one-hour incuba- 
tion at 37 °C in 100-mm polystyrene tissue culture dishes (Corning 
Glass Works, Corning, NY). Plasma clot megakaryocyte cultures 
were established as previously described.'’* Plastic-adherent cell- 
depleted mononuclear cells were cultured at 10° cells/mL in }-mL 
volumes in 35-mm Petri dishes. Aplastic canine serum containing 
Meg-CSF was added to the cultures at time 0 in concentrations 
ranging from 0% to 30% (vol/vol), replacing equal volumes of 
normal AB sera in the cultures. A single lot of aplastic canine serum 
and lots of equivalent normal human AB sera were used in all 
experiments. Culture dishes were incubated for 12 days (unless 
otherwise indicated) at 37 °C in a 100% humidified atmosphere of 
5% CO, in air using a NAPCO 5200 water-jacketed incubator 
(National Appliance Co, Portland, OR). Harvesting was performed 
by fixation in situ with methanol:acetone (1:1) for 20 minutes, 
sequential washing with 0.01 Mol/L phosphate-buffered saline 
(PBS), pH 7.2, and distilled water, and then air drying. The plasma 
clots were stored frozen at —20 °C until immunofluorescent staining 
was performed. 

Immunofluorescent staining and scoring of cultures. Rabbit 
antiserum to platelet glycoproteins (PGP) was prepared and its 
specificity demonstrated as previously reported.'** Megakaryocyte 
colonies were labeled immunofluorescently by sequential incuba- 
tions with PGP antiserum diluted 1/200 in PBS and rhodamine- 
conjugated goat antirabbit IgG (IgG fraction) diluted 1/60 in PBS 
(Cappel Laboratories, Cochranville, PA). A rhodamine rather than 
fluorescein conjugate was used for the second label because its 
optical signal was stable to the acid hydrolysis required for DNA 
quantitation. 

After air-drying, the plasma clot megakaryocyte cultures were 
scored in situ. The 35-mm Petri dishes were inverted, the base areas 
completely scanned, and rhodamine-positive colonies enumerated 
with a fluorescent light microscope at 100x (Olympus BH-2 micro- 
scope with a vertical fluorescent illuminator, Olympus Corp, New 
York). A megakaryocyte colony was defined as a cluster of three or 
more intensely rhodamine-positive cells. All experiments were per- 
formed in duplicate. 

DNA quantitation. Staining for quantitative DNA determina- 
tion was performed using a modified Feulgen technique adapted 
from Ruch.’ The compound 2,5-bis-(4’aminophenyl-(1')) = 1,3,4 
oxdiazole (1), (BAO; Fluka Chemical Corp, Happauge, NY) was 
chosen as the DNA fluorochrome because its relative stability to UV 
irradiation resulted in a minimal influence of the time of light 
exposure on DNA measurements.’ BAO is comparable to Auramine 
O in its specificity for DNA’ and has been recommended by Paulus 
et al for the Feulgen staining of human bone marrow megakaryo- 
cytes. In our laboratory, Feulgen/BAO staining is 96% DNA 
specific based upon the reduction in the nuclear fluorescent signal 
induced by exposure to deoxyribonuclease I (Sigma Chemical Co, St 
Louis) prior to staining. For this determination, human peripheral 
blood smears were fixed in methanol:acetone (1:1), and the test 
smears were preincubated in DN Aase I at 0.5 mg/mL in 0.03 mol/L 
magnesium sulfate, pH 6.0. Control and test smears were Feulgen 
stained with BAO as will be described and the mean nuclear 
fluorescent signals determined from the nuclei of polymorphonu- 
clear leukocytes. Following DNA digestion, the mean nuclear fluo- 
rescence was reduced from 49.2 to 2.0 (arbitrary units). 

The fixed, PGP-rhodamine-labeled plasma clot cultures were 
rehydrated with distilled water, and then the DNA was hydrolyzed 
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in 4 N HCI at 37 °C for 20 minutes. Hydrolysis was terminated by 
aspirating the HCI and flooding the culture dishes with distilled 
water at room temperature. Nuclear DNA was stained using freshly 
prepared BAO reagent (20 parts 0.01% BAO in distilled water 
(wt/vol) to two parts | N HCI to one part 10% sodium metabisulfite 
[wt/vol]). One milliliter of BAO reagent was layered on each 
35-mm Petri dish, and the cultures were gently agitated for 30 
minutes at room temperature in a 100% humidified chamber. BAO 
staining was followed by three two-minute washes with sulfite water 
(18 parts distilled water, one part 1 N HCI, one part 10% sodium 
metabisulfite [wt/vol]), one ten-minute wash with distilled water, 
and dehydration with 70% ethanol. The culture dishes were air- 
dried, the plastic sides removed, and circular coverslips mounted 
with glycerol. 

Megakaryocyte DNA quantitation was performed using a Leitz 
Laborlux 12 microscope equipped with an adjustable measuring 
diaphragm, an MPV compact microscope photometer, and inter- 
changable filter cubes (Ernst Leitz, Wetzlar, W Germany) mter- 
faced with an Epson HX-20 computer (Epson America, Inc, Tor- 
rance, CA). The measuring diaphragm was located in the emitted 
light pathway, and adjustment of its aperture did not influence 
incident illumination.” Green-band “Cube N2” (excitation filter BP 
530 to 560 nm and barrier filter LP 580 nm) was used for the 
identification and enumeration of the PGP-rhodamine~labeled 
megakaryocytes, and wide-band UV “Cube A” (excitation filter BP 
340 to 380 nm and barrier filter LP 430 nm) was used to measure 
BAO fluorescence. 

At a magnification of 100x the megakaryocyte colonies were 
identified in situ in the plasma clot by rhodamine fluorescence, and 
single megakaryocytes were randomly selected for DNA quantita- 
tion. When the total number of megakaryocytes in a culture plate 
exceeded 200, representative sampling was assured by (1) measuring 
nuclear DNA in equal numbers of cells from both halves of that 
culture plate and (2) analyzing no more than three to four arbitrarily 
selected megakaryocytes in each colony. Within the colonies, cells 
were chosen based upon the order in which they were encountered 
while scanning using green incident light at 400x. This sampling 
algorithm was validated in ten representative instances by compar- 
ing repeat ploidy distributions determined each from 100 randomly 
chosen megakaryocytes in the same culture plate. Ploidy distribu- 
tions did not differ significantly between paired determinations, and 
duplicate mean ploidy values had coefficients of variation averaging 
8.6% + 5.9% (+SD). 

Megakaryocyte DNA was measured using UV light excitation. At 
a magnification of 400x the nucleus of each megakaryocyte was 
isolated using the adjustable measuring diaphragm, and tts BAO 
fluorescent signal was quantitated photometrically, The background 
readings were taken in the same high-power field as cach mega- 
karyocyte using the same diaphragmatic aperture. The net mega- 
karyocyte DNA emission signal (M,) was calculated as the differ- 
ence of the two values. Readings of diploid-cell DNA fluorescence, 
D,, (corrected for the background) were obtained throughout the 
culture specimen in a diploid cell:megakaryocyte ratio of approxi- 
mately 1:2. When a culture dish was completely scored, the relative 
DNA content per cell for each of the megakaryocytes was deter- 
mined using the following relationship: 


where n was the number of diploid cells evaluated in that culture 
dish. Megakaryocytes were assigned to the ploidy level of the nearest 
modal value of DNA content according to the algorithm of Paulus et 
al ° The measurements, calculations, and ploidy assignation were 
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performed using an on-line Epson HX-20 computer that permitted 
the evaluation of 75 to 100 cells per hour. Each high-power field 
received a total of no more than 30 seconds of UV light exposure. 

The mean megakaryocyte ploidy was calculated from the follow- 
ing equation: 


64 | 

>. log,(p) x n, 

Mean megakaryocyte ploidy = anti-log, | &+——-_____ 
n 


where a, is the number of megakaryocytes in ploidy class p (p = 2, 4, 
8,..., 64) and n is the combined number of megakaryocytes in all 
ploidy classes. The geometric mean megakaryocyte ploidy is a more 
accurate representation of the mean ploidy than the linear average 
used in some studies''!* because the linear average disproportion- 
ately weights the contribution of higher-ploidy megakaryocytes. 

Megakaryocyte size. Megakaryocyte diameters were deter- 
mined at 400x magnification using a calibrated eyepiece microme- 
ter. 

Statistical analyses. Megakaryocyte ploidy distributions were 
compared by Pearson’s x’ test of independence of distributions.” 
Other comparisons were made using Student's ¢ test or linear 
regression analyses. 


RESULTS 


Similar to what we have reported previously,® low-level 
megakaryocyte colony formation from peripheral blood 
mononuclear cells was observed in unstimulated cultures 
containing only normal human AB serum. In such cultures 
10.4 + 3.8 (mean + SEM) megakaryocyte colonies were 
grown from 10° mononuclear cells (Fig 1). The addition of 
aplastic canine serum stimulated up to a fivefold increase in 
colony formation (Fig 1). The megakaryocyte colony num- 
bers reached a maximum of 54.4 + 11.2 (mean + SEM) at 
an aplastic Canine serum concentration in a culture of 2.5% 
(vol/vol). With further increases in the aplastic canine serum 
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APLASTIC CAMINE SERUM CONCENTRATION {35} 


Fig}. Effects of the concentration of aplastic canine serum on 
megakaryocyte colony numbers {(@) and the number of megakaryo- 
cytes per colony (A) after 12 days in culture. Each point represents 
the mean + SEM of three (celis/colony) or four (colony numbers) 
separate experiments where assays were performed in duplicate. 
The data on megakaryocytes per colony incorporated observa- 
tions from a total of 866 colonies whose distribution by size is 
displayed in Table 1. Megakaryocyte colony numbers were signifi- 
cantly increased {P < .05 by Student's t test) above the control 
(0%) at all aplastic canine serum concentrations evaluated except 
1%. Colony numbers were maximal at 2.5% aplastic canine serum, 
and the numbers observed between 5% and 30% did not differ 
significantly from the peak value. The mean number of megakaryo- 
cytes per colony was linearly related to the concentration of 
aplastic canine serum {r = .952, P < .001). 
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concentration, the megakaryocyte colony formation pla- 
teaued (Fig 1). 

Aplastic canine serum also enhanced the number of cells 
developing in each megakaryocyte colony, but there was no 
plateau in the dose-response effect. The mean number of 
megakaryocytes in each colony increased almost monotoni- 
cally throughout the entire concentration range of aplastic 
canine serum evaluated (Fig 1). Cells per colony rose from 
5.8 + 0.5 (mean + SEM) in cultures containing only normal 
AB serum to 46.1 + 11.4 (mean + SEM) at the maximum 
aplastic canine serum concentration of 30% (vol /vol). The 
distribution of megakaryocyte colony size as a function of 
aplastic canine serum concentration is presented in Table 1. 
With increasing aplastic canine serum concentrations, there 
was a continuous upward shift in the modal colony size. In 
addition, the maximal colony sizes progressively increased, 
which reflected the stimulation of up to four mitotic genera- 
tions beyond that observed in unstimulated cultures. 

The same cultures used to evaluate colony numbers and 
size were stained with BAO for DNA quantitation. Because 
individual megakaryocyte colonies grown in plasma clot 
cultures are typically dispersed,'* overlapping of constituent 
cells was not a significant problem in performing such 
measurements. Hlustrated in Fig 2 is a representative mega- 
karyocyte colony in which both megakaryocyte cytoplasm is 
labeled immunochemically with anti-PGP/rhodamine and 
nuclei are stained with BAO. In Fig 2B there are additional 
cells whose nuclei stain with BAO but do not label with the 
anti-PGP/rhodamine. These cells, consisting predominantly 
of macrophages and lymphocytes, served as the diploid 
standards from which megakaryocyte ploidy was calculated. 
The coefficient of variation for the diploid cell DNA fluores- 
cent signals averaged 32.5%, and the background fluores- 
cence constituted approximately 30% of the total 2N nuclear 
measurements. 

The effect of increasing concentrations of aplastic canine 
serum on cultured megakaryocyte mean ploidy was biphasic 
(Fig 3). Between aplastic serum concentrations of 0% and 
2.5% (vol/vol), a significant enhancement of ploidy was 
observed, with the mean values rising from 6.97N at 0% to 
12.66N at 2.5% (P< .01 by Pearson’s x’)."° The peak 
megakaryocyte ploidy was observed at the same aplastic 
serum concentration as that at which colony formation 
attained iis maximum (Fig 1). The mean ploidy decreased 
with further increases in the aplastic serum concentration 
and reached a minimum of 4.98N at 30% aplastic serum. 
The enhancement of megakaryocyte ploidy by aplastic 
serum at concentrations of 2.5% to 10% was a result of a shift 
in the distribution of cells from the 4N and 8N to the 16N 
and 32N ploidy classes. At aplastic canine serum concentra- 
tions of 15% to 30% in culture, a decreasing mean ploidy 
resulted from increases in 2N and 4N cells at the expense of 
I6N, 32N, and 64N cells (Table 2). 

The kinetic aspects of megakaryocyte polyploidization in 
culture were determined to evaluate the impact of culture 
duration on ploidy. Megakaryocyte cultures containing 0%, 
2.5%, and 20% aplastic canine serum were harvested serially 
following 7, 12, 15, and 19 days of incubation (Fig 4). The 
peak mear ploidy values were observed on days 12 to 15 of 
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Table 1. Distribution of Megakaryocyte Colony Size as a Function of the Concent 








Aplastic 
Canine No. of 
Serum Megakaryocyte j 
Concentration Colonies 2 3 
({%)* Evaluated (3-5) (6-10) 
0 30 63.3 23.3 
1 54 29.6 33.3 
2.5 143 29.4 28.0 
5 140 12.1 S71 
10 147 8.2 21:2 
15 107 1.5 15.0 
20 155 8.4 24.5 
30 90 7.8 13.3 
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ration of Aplastic Canine Serum in Culture 








Mean Number of Mitotic Generations ł 
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The data are derived from three 
Fig 1 


*The concentration (vol/vol) of aplastic canine serum in culture replacing an 
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The values are given as the percentage of the total colomes 


+The interval range for colony size is calculated as 2” 


culture regardless of the concentration of aplastic serum 
used. The biphasic relationship of mean ploidy with aplastic 
serum concentration was seen as early as seven days and 
persisted through day 15 of culture. By day 19, many of the 
megakaryocyte colonies had degenerated, and the mean 
at all 
tested. In the cultures containing 20% aplastic canine serum, 


ploidies became equivalent serum concentrations 


~ 


there was no increase in ploidy beyond 12 days of culture 
Thus, the lower mean ploidy seen in day 12 cultures (Fig 3) 
was not simply the result of delayed endoreduplication 
Because megakaryocyte size is known to vary with ploidy 
in vivo, ™* this relationship was analyzed in the in vitro 
culture system. At all aplastic canine serum concentrations 
evaluated, the megakaryocyte size varied significantly with 
log, (ploidy). The slopes and intercepts of the regression lines 
relating these two parameters did not vary significantly 
among the different aplastic serum concentrations (data not 
shown). Therefore, megakaryocyte size v ploidy data from all 
aplastic canine serum concentrations were consolidated and 


are presented in Fig 5 


DISCUSSION 


The production of platelets from the committed mega- 
karyocyte progenitor cell or CFU-Meg is complex, requiring 


experiments and a total of 866 colonies The arithmetic means and statistical analysis of these Gata are p 


equal volume of normal AB serum 


3 


8) where n represents successive mitotic generations (Goubdlings) 


nearly sequential mitosis, endomitosis, and cytoplasmic 
maturation.’ However, the physiological regulatory control 
Systems governing these processes are lor the most part 
poorly understood. We have recently reported that sera from 
patients with bone marrow megakaryocyte aplasia and 
from dogs with irradiation-induced aplasia” contain a sub- 
stance, Meg-CSF, that stimulates mitosis and the early 


development of human bone marrow CFU-Meg. Meg-CsI 


manifests this effect in culture by augmenting both the 
number of megakaryocyte colonies grown and the number ol 
component cells developing in each colony 

In this report, we establish that Meg-CSF cont 


aining 
aplastic canine serum has qualitatively similar efle 
human peripheral blood CFU-Meg progenitors. We have 
also been able to demonstrate an interaction between varying 
mitotic stimulation of early megakaryocytopoiesis by aplas- 
tic serum and the degree of megakaryocyte polypl idization 
achieved in culture. 

We observed an unexpected biphasic effect of increasing 
concentrations ol aplastic Canine serum on in vitro mega 
karyocytopoiesis. Compared with control cultures containing 
only normal AB serum, low culture concentrations of aplastic 
canine serum (2.5% to 5.0% [vol/vol]) augmented mega 


karyocyte colony formation fivefold, increased cell numbers 





Fig 2. 
incident light) that was cultured from human peripheral blood mononuclear cells in the presence of aplastic canine serum (original 


magnification x 100). 


Representative megakaryocyte colony double labeled with PGP antiserum /rhodamine (A, green incident light) and BAO (B, UV 
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Fig 3. Effect of the concentration of aplastic canine serum in 
culture on the geometric mean ploidy of megakaryocytes cultured 
from human peripheral blood mononuclear cells. Data from three 
experiments were combined and include ploidy determinations on 
a total of 2,078 megakaryocytes. A mean of 260 celis was 
evaluated at each point (Table 2). Ploidy distributions at adjacent 
aplastic canine serum concentrations differ significantly in the 
following instances: 1.0% v 2.5%, 10% v 15%, and 20% v 30% 
(P < .01 by Pearson's x°}; and 5% v 10% (.01 < P < .02). 


per colony approximately 2.5-fold, and almost doubled the 
mean ploidy. Further increasing the aplastic serum concen- 
tration from 10% to 30% (vol/vol) stimulated no additional 
colony formation. However, there was a further augmenta- 
tion of cell numbers per colony associated with a progressive 
decrease in the mean megakaryocyte ploidy. Thus, in those 
cultures containing the higher concentrations of aplastic 
canine serum, an inverse relationship was present between 
mitotic amplification of the megakaryocyte progenitor (as 
manifested by cell numbers per colony) and the extent of 
megakaryocyte endoreduplication. 

Our results appear to conflict with similar studies in mice 
reported by Chatelain and Burstein." They found no effect 
of increasing concentrations of pokeweed mitogen—stimu- 
lated spleen conditioned medium on cultured murine mega- 
karyocyte ploidy, despite slight augmentations in colony 
numbers and size. The effects that we observed using aplastic 
canine serum may therefore be dependent upon this specific 


Table 2. Ploidy Distributions of Progenitor Cell—Derived 
Megakaryocytes Cultured With Varying Concentrations 
of Aplastic Canine Serum 











Aplastic 
Canine 
DE pn i T oioy Set 
(%)}* Evaluated 2N 4N 8N 16N 32N 64N 
0 111 4.5 27.0 35.1 20.7 72 54 
1 92 7.6 22.8 46.7 15.2 76 0 
2.5 275 4.7 13.8 24.4 31.6 185 6.9 
5 375 6.4 12.8 28.8 28.3 184 5.3 
10 348 6.3 19.0 27.9 27.6 14.9 4.0 
15 364 19.2 24.5 29.9 19.2 6.9 0.3 
20 323 12.7 23.2 33.7 22.9 74 0 
30 190 28.9 28.9 27.4 11.6 2.6 0.5 





The data represent three experiments and a total of 2,078 megakaryo- 
cytes. The geometric means and statistical analyses of these data are 
presented in Fig 3. 

*The concentration (vol/vol) of aplastic canine serum in culture 
replacing an equal volume of normal AB serum. 

+The values are given as a percentage of the total cells. 

tOne cell (0.3% of total) classified as 128N. 
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BAYS OF CULTURE 


Fig4. Effect of culture duration on the geometric mean ploidy 
of megakaryocytes cultured from human peripheral blood mono- 
nuclear cells. The cultures contained aplastic canine serum con- 
centrations of 0% (@). 2.5% (E), and 20% (a). Data are derived 
from two experiments with ploidy determinations on 3,163 mega- 
karyocytes. 


source of Meg-CSF, result from the higher cell plating 
densities we used, or reflect the substantially greater changes 
in colony size seen in our studies. 

That megakaryocyte development from its progenitor may 
be characterized by a reciprocal relationship between mitosis 
and endomitosis has been demonstrated previously by other 
investigators." However, these earlier studies analyzed 
differences among individual murine megakaryocyte colo- 
nies that were generally cultured under conditions providing 
maximal growth stimulation. It was found that colonies with 
larger numbers of cells had lower mean ploidy values. Cell 
number and mean ploidy differences among colonies were 
attributed to an intrinsic heterogeneity of the CFU-Meg 
progenitor cell population. 

Our studies indicate that, although CFU-Meg heterogene- 
ity may exist, mitosis and endomitosis can be further 
influenced in culture by a factor or factors present in aplastic 
canine serum. Because colony numbers plateau at aplastic 
serum concentrations of 2.5% and above, it is probable that 
the higher aplastic serum concentrations affect a fixed 
population of megakaryocyte progenitors rather than selec- 
tively recruit different progenitor classes. Therefore, the 
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Fig 5. Relationship between diameter and ploidy class for 
megakaryocytes cultured from human peripheral blood mononu- 
clear cells. Data are derived from 715 cells and are presented as 
the mean + SD. A significant linear correlation was observed {r = 
.665, P < .001). 
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inverse relationship between mitosis and endomitosis that 
was previously attributed exclusively to progenitor cell het- 
erogeneity likely also characterizes megakaryocytopoiesis in 
general. It is speculative whether this relationship is physio- 
logically adaptive and operates in vivo. However, one may 
hypothesize that in conditions of severe megakaryocytic 
hypoplasia with accompanying thrombocytopenia, mitotic 
amplification of existing megakaryocyte precursors, even at 
the expense of endomitosis, may most effectively restore 
platelet production. This hypothesis is supported by a recent 
report by Tanum who demonstrated that the resumption of 
platelet synthesis in rats receiving a sublethal dose of thio- 
TEPA is temporally associated with the exclusive appear- 
ance of low-ploidy megakaryocytes in the bone marrow.'® 

Although Meg-CSF is known to be present in aplastic 
canine sera, this investigation does not distinguish between 
its effects and those of other regulators potentially present in 
such sera. The existence of additional regulators that 
influence megakaryocyte endoreduplication and cytoplasmic 
maturation have been postulated by several investigators.” 
However, even if these exist, our data indicate that their 
influence may be limited by the mitotic history of the cells 
upon which they act. Another hypothesis consistent with our 
data is that Meg-CSF alone controls both the mitotic and 
endomitotic phases of megakaryocytopoiesis, with differen- 
tial effects depending upon the intensity of Meg-CSF stimu- 
lation. 

The normal AB sera used in our experiments may also 
have included factors capable of affecting megakaryocyte 
development in vitro. Several investigators have suggested 
that normal sera contain platelet-derived inhibitors of mega- 
karyocyte colony formation.” However, it is unlikely that 
such inhibitors. if present, substantially influenced our 
experimental results because both peak megakaryocyte col- 
ony formation and maximal nuclear polyploidization were 
achieved at a concentration ratio of aplastic canine to normal 
AB serum of less than 0.10. It is also improbable that the 
aplastic canine serum contained substantial quantities of 
platelet-derived inhibitors, given the low platelet count at the 
time of its preparation. We have recently established that the 
megakaryocyte colony-stimulating activity manifested by 
aplastic canine sera results from the presence of a positive 
regulatory protein rather than from the absence of inhibitors 
found in norma! sera.® 

By examining the polyploidization of human megakaryo- 
cyte progenitors in culture, our studies represent an extension 
of the previously published murine in vitro studies 11125-02 
Our use of immunochemical labeling of cultured human 
megakaryocyte colonies for identification with concurrent 
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Feulgen-BAO staining in situ for DNA quantitation is 
analogous to those murine studies in which megakaryocyte 
colonies were double labeled in situ for acetyicholinesterase 
and DNA.'*'’ Such approaches provide unequivocal identi- 
fication of all megakaryocytes present within a culture 
(including low-ploidy cells) and eliminate both the biases 
inherent in morphological identification using inverted 
microscopy and the cell losses that accompany colony trans- 
fer to glass slides for DNA analysis. The use of Feulgen- 
BAO staining coupled with microfluorometry for the 
determination of the cellular DNA content represents a 
technically straightforward and accurate approach to DNA 
quantitation, one that does not require the expensive equip- 
ment necessary for scanning microdensitometry. Further- 
more, distributional errors, excessive signal-to-noise ratio, 
and light scatter are minimized or eliminated. ®™ Impreci- 
sion resulting from photodecomposition of the DNA fluo- 
rochrome is minimized by using BAO for which the fluores- 
cent signal is relatively stable to the UV incident light used 
for excitation.” 

This investigation also examined the relationship between 
cultured megakaryocyte ploidy and diameter. The positive 
correlation we observed (Fig 5) is similar to that previously 
described for megakaryocytes harvested directly from bone 
marrow.'* Our data defined a smaller megakaryocyte diame- 
ter for each ploidy class than that described by these other 
investigators. Possible explanations for this discrepancy 
include cell shrinkage due to fixation or the failure of the 
cultured megakaryocytes to achieve full cytoplasime matu- 
ration in vitro. Nevertheless, this positive correlation demon- 
strates that the link between ploidy and cytoplasmic develop- 
ment previously found to exist in vivo is maintained during in 
vitro megakaryocyte development. 

The availability of megakaryocyte progenitor cell culture 
systems in which one can concurrently quantify colony 
formation, cell numbers per colony, and endoreduplication 
provides new opportunities for analyses of megakaryocyto- 
poietic regulation. Our data indicating that the mitotic 
history of a megakaryocyte precursor may influence its 
endoreduplicative potential serve to emphasize both the 
complexity of this regulatory system and the potential utility 
of the methods described in this investigation. 
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The Role of Glutathione Reductase in Maintaining Human Granulocyte Function 
and Sensitivity to Exogenous H,O, 


By Harvey J. Cohen, Elizabeth H. Tape, John Novak, Margaret E. Chovaniec, Patricia Liegey, and John C. Whitin 


Human granulocytes (polymorphonuclear leukocytes, 
PMN) produce H,O, and other reactive oxygen species 
while undergoing phagocytosis. To examine the role of the 
glutathione cycle in metabolizing H,O,, we incubated PMN 
with 1,3-bis (2-chloroethy!) nitrosourea (BCNU). Incubation 
of PMN with BCNU results in a dose-dependent inhibition 
of PMN glutathione reductase (GRED), with 50% inhibition 
occurring at approximately 2 ug/mL BCNU. PMN hexose 
monophosphate shunt activity stimulated with an exoge- 
nous H,0,-generating system was inhibited only when the 
GRED activity was reduced to less than 30% of control. 
BCNU-treated cells contained lower levels of reduced 
sulfhydrylis and reduced glutathione, which decreased even 
more in the presence of an exogenous H,O,- generating 
system. The effect of BCNU and exogenous H,O, on various 
aspects of phagocytosis were examined. Exposure of 


RANULOCYTES (polymorphonuclear leukocytes, 
PMN) are thought to effect their bactericidal function 
through a respiratory burst! that results in the generation of 
reactive oxygen species** mediated by the activity of a 
membrane-bound NADPH-dependent oxidase system.** 
The reactive oxygen species may be toxic to other cells as 
well as to some aspects of PMN function.”* H,O, has been 
implicated as one of the possible reactive oxygen species toxic 
to PMN function.*? 

Jandi et al found a substantial increase in the oxidase 
activity if PMN were exposed to a stimulus under anaerobic 
conditions or in the presence of inhibitors of myeloperoxi- 
dase.'” Selenium-deficient rat PMN with diminished gluta- 
thione peroxidase activity manifested an increased Sensitivity 
of their Oy generating system to either exogenous or endoge- 
nous H,O,.'' PMN of patients with a complete glutathione 
reductase (GRED) deficiency demonstrated an abbreviated 
oxidative burst with a greater and more rapid fall in reduced 
sulfhydryl content than normal PMN." 

The observation that I ,3-bis(2-chloroethyl)-nitrosourea 
(BCNU) selectively inhibits cellular GRED!2"* has permit- 
ted us to examine in depth the effects of GRED on PMN 
function. We have examined the effects of BCNU on PMN 
GRED activity, hexose monophosphate shunt (HMPS) 
activity, reduced sulfhydryl and glutathione content, and 
various aspects of phagocytic function in the presence and 
absence of an external source of H,O,. This report describes 
the variable sensitivity of PMN function to BC NU-mediated 
inhibition of GRED. 


MATERIALS AND METHODS 
Materials 


Ferricytochrome c type VI, superoxide dismutase (SOD), 5,5- 
dithio-bis-2-nitrobenzoic acid (DTNB), flavine adenine dinucleotide 
(FAD) NADPH, reduced glutathione (GSH), oxidized glutathione 
(GSSG), t-leucine, Concanavalin A type IV (ConA), N-formyl- 
methionylleucylphenylalanine (FM LP), p-nitrophenyl 8-D-glucuro- 
nide, o-phthalaldehyde (OPT), methylene blue, N-ethyl maleimide 
(NEM), tertiary butyl hydroperoxide (t-BuOOH), nitroblue tetra- 
zolium (NBT), glucose oxidase type X (GO), and L-amino acid 
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BCNU-treated PMN to an H,0,-generating system resulted 
in an inhibition of chemotactic peptide-induced shape 
changes and degranulation. The ability of BCNU-treated 
cells to produce 0, was diminished only when the PMN 
were incubated with an H,O,-generating system in the 
presence of cyanide. Ingestion of opsonized bacteria by 
BCNU-treated PMN was unaffected by incubation in an 
H,0,-generating system even in the presence of cyanide. 
We conclude that (1) PMN GRED is inhibited by BCNU, {2} 
the ability of PMN to metabolize H,O, is affected only when 
GRED is reduced more than 70%, (3) this inhibition affects 
the glutathione content of these cells, and {4} some, but 
not ali of the phagocytic functions of GRED-inhibited PMN 
are inhibited after exposure to an H,0,-generating sys- 
tem. 

® 1987 by Grune & Stratton, Inc. 


oxidase type V (LAAQ) were purchased from Sigma Chemical Co, 
St Louis; dextran T-500 and Ficoli-Paque from Pharmacia Fine 
Chemicals, Piscataway, NJ; BCNU from Bristol Laboratories, 
Syracuse, NY; phytohemagglutinin (PMA) from Consolidated 
Midland Corp, Brewster, NY; zymosan from ICN Pharmaceuticals, 
Cleveland; cytochalasin B from Aldrich Chemicals, Milwaukee: and 
1-'“C-glucose, U-"C-glucose and U-'*-L-leucine from New England 
Nuclear, Boston. All other reagents were obtained at the highest 
commercially available grade and used without further purification, 


Preparation of PMN 


Human peripheral blood PMN were prepared by dextran sedi- 
mentation and Ficoll-Paque centrifugation as previously described.’ 
The cells were kept at 2 to 5 x 10’/mL in phosphate-buffered saline 
(PBS: 135 mmol/L NaCl, 5 mmol/L KCl, and 10 mmol/L sodium 
phosphate buffer, pH 7.4) with glucose (5 mmo! /L). Glucose was 
not present in the incubation mixtures if cytochalasin B or ConA 
were being used in the experiments or if HMPS activity was being 
measured. All assays involving PMN, except the spectrophotometric 
assays for O; production, were performed in plastic containers. 

Stock solutions were made as follows: ConA at ? mg/ml in 
distilled water: PMA at 2 mg/mL in dimethyl sulfoxide (DMSO) 
and diluted to 20 ug/mL in buffer: cytochalasin B at | mg/mL. in 
DMSO; serum-treated zymosan (STZ) at 20 mg/mL in buffer after 
the treatment of zymosan with serum at 20 mg/mL for 30 minutes al 
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37 °C, and FMLP at | mmol/L in DMSO and diluted to various 
concentrations in buffer as needed. 


Incubation of PMN With BCNU 


PMN at a concentration of | to 2 x 10’/mL in PBS with glucose 
were incubated for ten minutes at 37 °C with varying concentrations 
of BCNU in DMSO or DMSO such that the final concentration of 
DMSO was always less than or equal to 0.5% of the total volume. 
After the ten-minute incubation, 5 vol of ice-cold PBS were added 
and the cells centrifuged at 500 g for ten minutes at 4 °C. The PMN 
were then washed once with 10 mL PBS and finally resuspended in 
PBS with or without glucose (as mentioned earlier) to the same cell 
concentration as initially used for the incubation. When additional 
incubations in glucose oxidase were performed, the cells were 
incubated at 37°C for 20 minutes in PBS with glucose, with or 
without GO (80 ng/mL). This amount of GO resulted in a flux of 
H,O, of 1.2 umol/min/mL. After the incubation, the cells were 
washed once with PBS and resuspended at the concentrations 
desired in PBS with or without glucose. 


GRED Activity 

GRED was quantitated spectrophotometrically as described by 
Beutler.” The assay cuvettes contained 100 umol/L NADPH, | 
pmol/L FAD, and PMN in the presence of 0.05% Triton X-100, 50 
mmol/L Tris, and 100 pmol/L EDTA at pH 8.0. The assay was 
started by the addition of 3.3 pmol/L GSSG to the sample cuvette 


only, with the total volume in both reference and sample being 1.0 
mL. 


HMPS Activity 


PMN at a final concentration of I x 10°/mL were incubated for 
30 minutes (unless otherwise stated in the Results section) at 37 °C 
in Krebs’ Ringer’s phosphate (KRP: PBS plus | mmol/L CaCl, and 
1.3 mmol/L MgSO,, pH 7.4) containing 1 mmol/L glucose and 0.1 
uCil-"C-glucose, either alone or in the presence of } mmol/L 
L-leucine and 0.1 U/mL LAAO, 0.1 mmol/L methylene blue, | 
ue/mL PMA, 4 mg/mL STZ, or varying amounts of t-BuQOH, all 
in a total volume of | mL in septum-stoppered test tubes with a 
suspended central well containing 0.2 mL hyamine hydroxide.” At 
the end of the incubation, 2.0 mL of 5 mol/L H,SO, was added and 
the incubation continued for an additional 30 minutes. The amount 
of LAAO used resulted in a flux of H,O, of 60 nmol/min/mL. The 
trapped radioactive CO, was then quantitated in a liquid scintilla- 
tion counter. 


Nonprotein Reduced Sulfhydryl Levels in PMN 


PMN {l x 10’ in 1 mL) were rapidly centrifuged in a Fisher 
microcentrifuge. The resulting cell pellet was treated with 0.2 mL of 
1.0% Triton X-100 and 0.3 mL of protein-precipitating solution” 
and centrifuged for five minutes in a microcentrifuge at 4 °C. 
Reduced sulfhydryl levels were obtained on the resulting superna- 
tant using DTNB as described for erythrocytes by Beutler.’ 


GSH Levels in PMN 


PMN were centrifuged, treated with Triton X-100 and the 
protein-precipitating solution, and clarified by centrifugation as 
earlier. The GSH levels were determined as described by Hissin and 
Hilf,” in which 0.01- to 0.1-mL. samples were added to 0.1 mol/L 
sodium phosphate, pH 8.0, containing 0.1 mL of 0.1% OPT in 
absolute methanol in a final volume of 2.0 mL. After 15 minutes’ 
incubation at 25 °C, the fluorescence of the samples was read in a 
Perkin-Elmer model 650-10S spectrofluorometer with the excitation 
wavelength set at 350 nm and the emission at 420 nm. GSH 
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standards were assayed at the same time. The recovery of GSH, 
determined by adding known amounts of GSH to the samples, was 
always greater than 90%. 


Bipolarity Assay 


The ability of PMN to respond to FMLP by assuming a bipolar 
shape was measured by modifications of a previously described 
technique.” PMN were washed and resuspended at 5 x 10°/mL in 
PBS. Flat-bottomed 96-well tissue culture plates were coated with 
50 aL of 1% bovine serum albumin (BSA) for 15 minutes at 37 °C. 
After removing the BSA solution, 50 uL of PMN was added and 
allowed to settle onto the plates on ice for 30 minutes. The cells were 
then warmed at 37°C for five minutes, and FMLP or control 
solutions were added and incubated with the addition of 200 pL of 
cold 5% glutaraldehyde in 0.1 mol/L cacodylate buffer, pH 7.4. The 
supernatant was removed by aspiration after 14 minutes and 
replaced with fresh cacodylate buffer. The percentage of bipolar 
cells was counted using an inverted microscope. 


Degranulation 


STZ (4 mg) was added to 2x 10° PMN in a final volume of 1.0 
mL KRP in the presence of cytochalasin B (5 ug) for 30 minutes at 
37°C. The cells were then placed on ice and centrifuged and the 
supernatants assayed for the 8-glucuronidase” and lysozyme” con- 
tent. Whole cells were also assayed for their enzyme content. All 
assays contained 0.05% Triton X-100. The specific degranulation 
was determined by subtracting the control supernatants from super- 
natants of zymosan-treated cells. As an index of cell lysis, the lactic 
dehydrogenase (LDH) release was measured.” 


Superoxide Production 


Superoxide production by cells incubated as described was per- 
formed in a continuous spectrophotometric assay as previously 
described**”’ using either PMA (1 ug), ConA (100 ug). or STZ (4 
mg) as the stimulus. In some assays, 0.1 mL cytochrome ¢ was added 
to both sample and SOD-containing reference cuvettes either two or 
ten mintes after the addition of the stimulus to measure the rate of 
O, production at that time. PMA-stimulated NBT dye reduction 
was performed by incubating 2.5 x 10° PMN with 1 ag PMA in 
KRP buffer containing 0.04% NBT and 1% albumin in a total 
volume of 1.0 mL at 37°C for five minutes. The reaction was 
terminated by the addition of 5 mL ice-cold PBS and the cells 
centrifuged at 280 g for five minutes. After washing the cells once, 
the cells were resuspended in 0.02 mL of 5% albumin and smeared 
on glass slides. The dried slide was fixed in methanol, dried again, 
and counterstained with 1% safranin for one minute. Two hundred 
consecutive cells were counted for formazan deposits. 


ingestion 


The ingestion of “C-labeled Escherichia coli was measured in 
cells that had been incubated as described earlier using a modifica- 
tion of the method of Newburger et al.” “C-labeled bacteria were 
prepared by 24-hour growth of E coli in minimum essential medium 
containing 3 mmol/L glucose, 100 «Ci U-"C-glucose, and 50 aCi 
U-"C-.-leucine. Bacteria were washed, autoclaved, and resus- 
pended at approximately 5 x 1!0°/mL. Prior to the assay, the 
bacteria were washed with saline, resuspended in 2 mL fresh human 
serum, opsonized for 30 minutes at 37 °C, and then washed free of 
serum. PMN (2 x 10°) were incubated with opsonized bacteria 
(approximately 2 x 10’) in KRP with and without | mmol/L NEM 
in the presence or absence of 0.5 mmol/L NaCN for 30 minutes at 
37°C. After the incubation | mmol/L NEM was added to all 
samples and the PMN washed three times with PBS followed by 
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centrifugation at 200 g for five minutes. The final pellets were 
counted in a liquid scintillation counter. Ingestion was corrected for 
adherence by subtracting the radioactivity of cells incubated in the 
presence of NEM from that in its absence. The results are expressed 
as counts per minute associated with the PMN. 


RESULTS 
The Effect of BCNU on PMN GRED Activity 


Because BCNU has been shown to inhibit the GRED 
activity of mammalian cells, we determined its effect on this 
activity in PMN. PMN were incubated for ten minutes in the 
presence of varying concentrations of BCNU. The cells were 
then washed twice and assayed for GRED activity in the 
presence of 1.0 pmol/L FAD (a cofactor for GRED} and 
0.05% Triton X-100. We had previously shown that the 
Triton X-100 treatment of granulocytes results in complete 
expression of GRED activity but does not inhibit the enzyme 
activity. The results are presented in Fig |. As can be seen, 
there is a concentration-dependent inhibition of PMN 
GRED by BCNU, with 50% inhibition occurring at approxi- 
mately 2 g/mL BCNU. A ten-minute incubation was 
chosen because it ensured maximum inhibition and did not 
affect O; production by activated PMN. Because BCNU 
inhibition of GRED requires a catalytically active enzyme, ^ 
all inhibition values pertain to the assay of enzymatic activity 
in cell lysates made after incubation of the cells with BENU. 
Incubation of PMN with 10 to 50 pg/mL BCNU resulted in 
less than a 6% loss of viability when compared with control 
cells as assessed by either trypan blue exclusion or the 
retention of LDH. 


The Effect of GRED Inhibition by BCNU on HMPS 
Activity 

We determined the effect of BCNU on the ability of PMN 
to metabolize H,O, through the glutathione cycle and the 
HMPS. We used L-leucine and L-amino acid oxidase as an 
exogenous H,O,-generating system. Figure | compares the 
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Fig 1. Effects of BCNU on GRED and HMPS activity. PMN that 
had previously been incubated with DMSO or BCNU at the concen- 
trations noted as described in Materiais and Methods were 
assayed for GRED activity (4-4) or assayed for HMPS activity 
using either -leucine plus LAAO {O-—O} or methylene blue 
(C}-—-(2) as a stimulant. The results are reported as the percentage 
of activity in DMSO-treated celis. The values represent the means 
+$D for between three and nine samples. 
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results obtained when comparing the effects of BCNU on 
both GRED (triangles) and H,O, metabolism through the 
HMPS (circles). Significant inhibition of the metabolism of 
H,O, does not occur until the GRED levels decrease to 
approximately 30% of the control values. Fifty percent 
inhibition of H,O, metabolism occurs at approximately 8 
ng/mL BCNU. 

To determine that the effect of BCNU was on the gluta- 
thione cycle and not the HMPS itself, we examined the effect 
of BCNU on the shunt directly. When methylene blue is 
added to cells, it directly oxidizes NADPH and thereby 
stimulates the HMPS. Figure | also shows the effect of 
BCNU on methylene blue-stimulated HMPS (squares). 
Methylene blue~stimulated HMPS activity in BCNU- 
treated PMN is approximately equal to control PMN at 
concentrations of BCNU that result in a 70% to 80% 
inhibition of both H,O, metabolism and GRED activity. This 
indicates that the ability of the HMPS to function is not 
affected by BCNU concentrations that inhibit the gluta- 
thione cycle. 

We also investigated the effect of BENU on the ability of 
PMN to reduce known quantities of t-BuOOH. As can be 
seen in Fig 2, increasing concentrations of BENU resulted in 
a progressive inability to reduce t-BuOQOH by using the 
reducing equivalents generated through the HMPS. 

For most of the studies to be reported, we tried to 
determine the effect of the diminished ability to metabolize 
HO, on PMN function. We therefore used a concentration 
of BCNU (10 g/mL) that inhibited H,O, metabolism by 
70% but did not, even in the presence of an H,O,-generating 
system, result in demonstrable cell lysis. 


The Effect of GRED Inhibition on a Reduced Sulfhydryi 
Content and Glutathione Content of PMN 

Because GRED is involved in maintaining reducing equiv- 
alents in cells, we measured the effect of the incubation of 
PMN and BCNU (10 ug/mL} on a reduced sulfhydryl 


Cpa go mini 10° PMAN 





Fig 2. Effect of BCNU on the HMPS activity in response to 
t-BuOOH. PMN that had previously been incubated with DMSO 
{O}. 2 wg BCNU (0). 4 ug BCNU (v), or 10 ug BCNU (x) in 1 mil. of 
PBS were washed and resuspended in PBS. The PMN were 
assayed for GRED activity, and the HMPS activity was measured in 
the presence of t-BuOQOH at the concentrations noted. The values 
in parentheses refer to the percentage of control GRED activity 
found in these PMN after incubation with the aforenoted amounts 
of BCNU. The points represent the means + SD for three determi- 
nations. 
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content. We compared BCNU-treated cells with control cells 
for their reduced sulfhydryl content and then incubated cells 
in either buffer or an H,O,-generating system (glucose plus 
GO) in the presence and absence of cyanide. Reduced 
sulfhydryl levels were measured with DTNB, and the results 
are presented in Fig 3. The incubation of PMN with BCNU 
resulted in a decrease in the reduced sulfhydryl levels. 
Further incubation at 37 °C for 20 minutes in buffer did not 
dramatically change this level. After exposure to an H,O,- 
generating system, the reduced sulfhydryl content of the 
control PMN did decrease. However, BCNU-treated PMN 
had a greater fall in their reduced sulfhydryl level than did 
the control PMN. The addition of cyanide to this system 
resulted in an accentuation in the decrease in reduced 
sulfhydryl level in BCNU-treated cells. We also investigated 
the effect of a phagocytic stimulus on the reduced sulfhydryl 
content in control and BCNU-treated PMN. The addition of 
STZ to control cells resulted in a depletion in the reduced 
sulfhydryl content. This effect was accentuated in BCNU- 
treated cells (data not shown). 

We used the method of Hissin and Hilf” to determine the 
effect of BCNU inhibition of GRED on the GSH levels in 
PMN. Cells were treated in the same way as described 
earlier; the results are shown in Table 1. After incubation 
with BCNU, the GSH levels were decreased. With incuba- 
tion in an exogenous H,O,-generating system, the GSH 
levels were decreased to a greater extent in the BCNU- 
treated cells. Thus it appears that in the absence of adequate 
GRED activity GSH and other reduced sulfhydryls are 
diminished and are further affected by the addition of an 
exogenous source of H,Q,,. 


The Effect of GRED Inhibition on Phagocytic Function 


FMLP-induced shape changes. It has previously been 
shown that the inability of PMN to change their shape and 
become bipolar is a very sensitive indicator of the effect of 
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Fig 3. Effect of BCNU on the reduced sulfhydryl content of 
PMN. PMN that had previously been incubated with DMSO or 
BCNU (10 g/mL) as described in Materials and Methods were 
assayed for reduced sulfhydryl content (A). Additional PMN (1 x 
10’) were incubated for an additional 20 minutes in PBS with 5 
mmol/L glucose alone (B), with 80 ug GO (C), or with 80 ug glucose 
oxidase and 0.5 umol NaCN (D) in a total volume of 1.0 mL at 37°C 
prior to being assayed for reduced sulfhydryl content. The results 
are reported as the means +SD for the number of samples as 
shown in the parentheses. 
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Table 1. Effect of BCNU With or Without GO on the 


GSH Content of PMN 
GSH {nmol/ 10° PMN) 
Incubation DMSO BCNU 
None 2.90 + 0.57* 1.95 + 0.63* 
20' PBS + Glu 2.70 + 0.59+ 1.83 + 0.73f 
20’ PBS + Glu + GO 2.49 + O.564§ 1.23 + O.704§ 


PMN -1 x 10’) that had been incubated with DMSO or BCNU (10 


ug/ml) were then either directly assayed for the GSH and GSSG content 
or incubated for 20 minutes at 37 °C in PBS with 5 mmol/L glucose with 
or without GO (80 ug) in a total volume of 1.0 mL. The PMN were then 
assayed “or their GSH and GSSG content. The results are expressed as 
means + SD for ten experiments. Statistics (paired t test) are presented 
for the camparisons of conditions as indicated by the superscripts. 

*P- 0011. 


P= 14. 
{P = 0075. 
§P = 000013. 


the chemoattractant FMLP.” We examined the effect of low 
(1 g/mL) and high (10 we/mL) concentrations of BENU 
on this aspect of chemotactic responsiveness. This assay was 
chosen because it examined cells individually, and the effects 
of both sensitivity to FMLP and the total number of cells 
responcing could be measured. Incubation of PMN with 
either I or 10 ug/mL BCNU had no major effect on either 
the sensitivity of the cells to FMLP or the number of cells 
responcing to FMLP, as can be seen in Fig 4. However, if 
cells treated with 10 ug/mL BCNU were then treated with 


glucose plus glucose oxidase, many of the cells lost their 


ability to respond to FMLP. Of note is that neither the 
control cells nor cells treated with | ug/mL BCNU were 
affected by exposure to an exogenous H,O,-generating sys- 
tem. The effect of the high concentration of BCNU was on 
the number of cells responding to FMLP, not on the relative 
sensitivity of the cells responding. Thus, BENU pretreat- 
ment can make some PMN more sensitive to the effects of an 
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Fig 4. Effect of BCNU with or without GO on FMLP-induced 
PMN bipolarity. PMN (1 x 10’) that had been incubated with 
DMSO [0,@), 1 ug/mi BCNU (A, 4), or 10 ug/ml BCNU [C], W) as 
described in Materials and Methods were then incubated for 20 
minutes in PBS with 5 mmol/L glucose (solid lines) or in the same 
buffer containing 80 ug GO (dashed lines) in a totai volume of 1.0 
mL. Tke PMN were then washed and assayed for a bipolarity 
response to the concentrations of FMLP noted on the abscissa. 
The results are the means of five experiments. SD are given only 
for the 10-ug/ mL BCNU samples. 
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H,O,-generating system such that they are unable to respond 
to FMLP with a shape change. 

Degranulation. Degranulation was measured by exam- 
ining the supernatants for the release of B-glucuronidase and 
lysozyme after stimulation with STZ in the presence of 
cytochalasin B. The effects of BCNU with and without 
exposure to an H,O,-generating system can be seen in Fig 5. 
Treatment of PMN with 10 pg/mL BCNU resulted in a 
statistically significant (P < .05) decreased ability of these 
cells to degranulate in response toSTZ. After the control and 
BCNU-treated cells were incubated in the presence of 
glucose plus GO, there was a decrease in their ability to 
degranulate in response to STZ. The BCNU-treated cells 
displayed a greater sensitivity to the exogenous H,O,- 
generating system than did the control cells (P < .0005). 
Qualitatively similar results were obtained when lysozyme 
release in response to STZ was measured (data not shown). 
These results are similar to those seen for the FMLP shape 
change and again indicate a sensitivity of BCNU-treated 
cells to the effects of an H,O,-generating system. In addi- 
tional studies we were able to determine that the degree of 
inhibition of the STZ-stimulated release of 8-glucuronidase 
was dependent on the amount of GO used in the incubation 
when the amount of GO was varied from | to 80 ug/mL. At 
each concentration, the inhibition was greater for the 
BCNU-treated cells when compared with the control cells. 

Oxidative metabolism. To determine the effect of 
GRED inhibition on the ability of the cells to undergo an 
oxidative burst in response to stimuli, we examined the effect 
of BCNU treatment on OF production by PMN stimulated 
with PMA, ConA, or STZ. Table 2 shows that BCNU 
treatment alone had no effect on the rate of O7 production by 
cells activated by any of the stimuli. Interestingly, even after 
incubation of the cells with glucose plus GO there was no 
alteration in the rate of O; production with any of the 
stimuli. However, when cells were incubated in a glucose- 
plus-GO system in the presence of cyanide (an inhibitor of 


PERCENT RELEASE OF p- BLUCURONIDASE 





Fig 5. Effect of BCNU on STZ-induced §-glucuronidase 
release from PMN. PMN (2 x 10°) that had been incubated with 
DMSO or BCNU (10 ug/ml) and then with PBS plus 5 mmol/L 
glucose with or without 80 ug/mL GO and washed as described in 
Materials and Methods were incubated in KRP with 5 ug cyto- 
chalasin B with or without 4 mg STZ in a total volume of 1.0 mL for 
30 minutes at 37°C. The cells were centrifuged, and the amount of 
8-glucuronidase in the supernatants was determined after cor- 
recting for release in the absence of STZ. The results are 
expressed as the mean percent release +SD of 8-glucuronidase 
specifically released for four experiments. 
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Table 2. Effect of BCNU on the Sensitivity of PMN O, 
Production to H,O, 


Aether tet An aban agiri ma Lar DAN SARM AAMAS 











Additions 
(nmol O, /min/ 10° PMN} 
Incubation Stimulant None GO GO + NaCN 
PMA 2.23 + 0.68 2.21 + 1.32 2.18 + 0.93 
DMSO ConA 3.03 + 0.73 2.75 + 0.80 2.57 + 4.10 
STZ 2.00 + 0.30 ND 1.88 + 0.43 
PMA 2.91+068 2.58 + 0.89 1.19 + O.91* 
BCNU ConA 3.08 + 0.68 2.26 + 1.02 0.53 + O.02+ 
STZ 1.91 + 0.35 ND 0.61 + 0.72ċ¢ 


NEEL RIO EE EASA A LAME ANANSI 


PMN (2 x 10°} that had been incubated with DMSO or BCNU (10 
ug/mt) were then incubated in PBS plus 5 mmol/L glucose alone or with 
80 ug GO with or without 0.5 umol NaCN for 20 minutes at 37 °C ina 
total volume of 1.0 mL. The cells were then washed and assayed for their 
ability to generate O,” in the presence of PMA (1 ug), ConA (100 jg), or 
STZ (4 mg) in KRP with 5 ug cytochalasin B in a total volume of 7.0 mL. 
The results are the means + SD for five experiments. The statistical 
analysis used the paired f test. 

Abbreviation: ND, not determined. 

*P < .01 when compared with no addition. 

tP < .001 when compared with no addition. 

{FP < .02 when compared with no addition. 

Other results are not statistically significantly different fram no 
addition values. 





catalase), the resulting rate of O; production by BCNU- 
treated cells was diminished when compared with control 
PMN. Incubation of PMN in cyanide alone had no effect on 
their rate of OF production (data not shown). Thus, although 
BCNU inhibition of GRED did affect the cells’ ability to 
metabolize H,O,, it was not until an alternative method of 
metabolizing H,O, was inhibited that oxidative metabolism 
was affected. 

We used NBT dye reduction to determine whether the 
observed decrease in OF production was due to an inability of 
a subpopulation of PMN to respond to a stimulus, as was 
seen in the bipolarity assay. With PMA as a stimulant, there 
was only a slight reduction in the number of NBT-positive 
cells, from 96% in control cells to 90% in BCNU-treated 
cells, that had been incubated with glucose plus glucose 
oxidase in the presence of cyanide. Using this assay, we noted 
that the intensity of the NBT positivity of the ceils was 
markedly diminished in the BCNU-, glucose-, GO- and 
cyanide-treated cells. 

Cytochalasin B was used in the investigations on O; 
production because its presence is necessary for ConA- 
stimulated O7 production” and enhances the detection of OF 
by STZ-stimulated PMN.” Cytochalasin B has no effect on 
PMA-stimulated O7 production. The inhibition of PMA- 
stimulated Oy production in BCNU-treated cells incubated 
in the presence of glucose plus GO with cyanide was also 
found in the absence of cytochalasin B. 

Because PMN can produce their own H,O, through the 
respiratory burst, we examined the effect of BCNU treat- 
ment on the duration of the respiratory burst by comparing 
the OF production at two minutes after stimulation with the 
O; production at ten minutes after stimulation. For this 
experiment, cytochrome c was not added until either two or 
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ten minutes because its presence precludes the dismutation 
of Oy to H,O;. As can be seen in Table 3, the OF production 
of BCNU-treated cells was diminished at ten minutes after 
stimulation with PMA when compared with the O7 produc- 
tion at two minutes. In contrast, there was no difference in 
the ratio of ten-minute to two-minute points when either 
STZ or ConA was used as a stimulus. Comparing BCNU- 
treated cells and control cells for stimulus-dependent HMPS 
activity as a function of time showed similar results. Figure 6 
shows that there is a progressive decrease in the ratio of 
HMPS activity with time in BCNU-treated cells when 
compared with control cells when PMA was the stimulant. 
This effect was much diminished when STZ was used as a 
stimulant. The HMPS activity could not be assessed for 
ConA, because ConA inhibited the assay system even when 
dihydrocytochalasin B was used to enhance ConA stimula- 
tion of oxidative metabolism. 

Ingestion. We next examined ingestion of opsonized 
C-labeled E coli. Ingestion as distinct from attachment, 
was measured by comparing the amount of radioactivity 
associated with the PMN in the presence and absence of | 
mmol/L NEM. The difference was used as an index of the 
number of E coli ingested. As can be seen in Table 4, 
BCNU-treated cells displayed the same ability to ingest 
‘C-labeled E coli as did control cells. In addition, preincuba- 
tion of the cells in glucose plus GO by using up to four times 
as much GO as used in the other studies had no effect on the 
ability of the cells (either control or BCNU-treated) to ingest 
these particles in either control or BCNU-treated cells, even 
in the presence of cyanide. Thus, despite the effects of 
BCNU and H,O, on the GSH and reduced sulfhydryl 
content, degranulation, ability to respond to a chemoattrac- 
tant, and oxidative metabolism, there was no effect of BCNU 
either with or without an H,O,-generating system, even in 
the presence of cyanide, on the ingestion of "C-labeled £ 
coli, 


Table 3. Effect of BCNU on the Rate of Decrease of 
PMN O, Production 


Ten-Minute Rates of O, Production as a 
Percentage of the Two-Minute Rate 


DMSO BCNU | P 


Stimulant 

PMA 79.8 + 17.3 40.6 + 7.42 <.02 
ConA 39.6 + 17.0 37.2 + 12.3 NS 
STZ 81.1 + 20.3 86.2 + 18.3 NS 


PMN (2 x 10°) that had been incubated with DMSO or BCNU (10 
ugl mL} as described in Materials and Methods were washed and assayed 
for O,” production in KRP containing 5 ug cytochalasin B and either PMA 
{1 ug), ConA (100 ug), or STZ (4 mg} in a total volume of 1.0 mL. The 
rates of O, production were determined at two and ten minutes after the 
addition of the stimulant as described in Materials and Methods. The 
results are expressed as the means of the percentage of the ten-minute 
rate compared with the two-minute rate + SD for four experiments. The 
control rates of 0,” production in the absence and presence of BCNU 
respectively were 4.19 + 0.65 and 3.85 + 0.34 (PMA), 3.27 + 0.39 
and 2.88 + 0.32 (ConA), and 3.94 + 0.66 and 3.63 + 0.83 (STZ) nmol 
0,” /min/ 10° PMN. The statistical analysis used the paired t test. 

Abbreviation: NS, not significant. 
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Fig 6. Comparison of PMA and STZ stimulation of HMPS 
activity in BCNU- and DMSO-treated PMN. PMN (1 x 10°) that had 
been incubated with DMSO or BCNU (10 ng/mL) and washed were 
assayed for HMPS activity as described in Materials and Methods 
in the presence of PMA (1 ug) {O} or STZ (4 mg) (A). At the times 
noted the reactions were terminated by the addition of 5 mol/L 
H,SO,, and the “CO, was measured. The results are expressed as 
the percentage of counts per minute in the BCNU-treated cells as 
compared with the DMS0-treated cells at each time point. The 
number of experiments for each time point are as noted in the 
parentheses. The upper numbers relate to the STZ experiments 
and the lower numbers to the PMA experiments. 


DISCUSSION 


The oxidative burst that accompanies phagocytosis is of 
short duration.'°”? This is probably important because the 
products of the oxidase system may be toxic to the host. It is 
believed that H,O,, a product of the burst, is at least partially 
responsible for limiting its activity. The PMN of patients 
with complete GRED deficiency demonstrated an abbre- 
viated respiratory burst with a greater and more rapid fall in 
the reduced sulfhydryl content than normal PMN.” Their 
PMN were unable to undergo an oxidative burst after 
exposure to an external H,O,-generating system. 

To further study the effects of inhibition of GRED on 
granulocyte function in general, we used the chemothera- 
peutic agent BCNU, which has been shown to selectively 
inhibit GRED.'*"* As with other cells, we were able to 
demonstrate a dose-dependent inhibition of cellular GRED 
by BCNU. The functional consequence of this inhibition, as 
measured by the ability of the cells to metabolize H,O,, was 
not found until the GRED activity dropped to between 20% 
and 30% of control values. This is similar to what we had 
previously found in rats whose glutathione peroxidase activ- 
ity was diminished after feeding them a selenium-deficient 
diet (Baker and Cohen, unpublished observation). Thus, 
there appears to be a threshold amount of GRED necessary 
to metabolize H,O,, and this amount is less than that 
normally present in PMN. 

GRED inhibition led to a decrease in the levels of both 
reduced sulfhydryls and GSH, which may be due to the 
ability of BCNU-derived alkylating species to directly conju- 
gate with GSH.” The effect of BENU on GSH was further 
accentuated by placing the cells in an H,O,-generating 
system. This oxidative stress further diminished the GSH 
content in both control and BCNU-treated cells, but to a 
greater extent in the BCNU-treated cells. The addition of 
cyanide to inhibit catalase, which might also be involved in 
H-O, metabolism, made this effect even more pronounced. 
The same effect on a reduced sulfhydryl content was seen 
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Table 4. Effect of GO With or Without NaCN on the Ability of DMSO- or BCNU-Treated PMN to Ingest È coli 
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ingestion 
in/2 5 PM 
GRED {com/30 min/2 x 10 N} ee 
Incubation {u/mt/10’ PMN) Control GO GO + NaCN 
DMSO 38.4 + 1.9 10,134 + 1,163 9,024 + 1,223 10,908 + 1,702 
BCNU 2.5 +08 10,528 + 1,139 10,282 + 1,418 10,890 + 1,066 


ete Ee 
PMN (2 x 10°) that had been incubated with DMSO or BCNU (25 ug/mL} were washed and incubated in PBS with 5 mmol/L glucose alone or with 


80 ug GO with or without 0.5 umol NaCN in a total volume of 1.0 mL as described in Materials and Methods. The cells were washed and incubated in 
KRP containing 5 mmol/L glucose with “C-labeled £ coli that had been opsonized with fresh human serum with or without 1 umol NEM as described in 
Materials and Methods. The results are the means + SD for three experiments. The GRED activity was determined in PMN following incubation in either 


DMSO or BCNU (25 ug/ml). 


when H,O, was generated endogenously by incubating the 
cells with STZ. Thus, GRED plays an important role in 
maintaining the levels of PMN reduced sulfhydryls and 
GSH in both the resting and H,O,-stressed state. 

The effect of the inhibition of GRED and consequent 
dimunition in the reduced sulfhydryl content on various 
aspects of phagocytosis was examined. The results indicate 
that the various phagocytic functions displayed different 
sensitivity to GRED inhibition. Prior treatment of cells with 
BCNU did not affect the responsiveness of cells to a 
chemoattractant, the ability of cells to undergo oxidative 
metabolism or to ingest bacteria. The ability of PMN to 
degranulate in response to a phagocytic stimulus was dimin- 
ished in BCNU-treated cells. Premature termination of the 
respiratory burst was found only in BCNU-treated cells that 
were stimulated with PMA, but not in those stimulated with 
STZ or ConA. Because stimulation of PMN with PMA 
occurs by a mechanism different from those associated with 
other stimulants of the respiratory burst,”’ this system may 
be more sensitive to unmetabolized H,O,. The amount of GO 
necessary to produce a sufficient flux of H,O, to produce 
inhibition of phagocytic function in BCNU-treated cells was 
much higher than that produced endogenously. This may 
explain why, with the exception of PMA, there was no 
premature termination of the respiratory burst and why most 
other phagocytic functions were unaffected by BCNU alone. 
The O; production by control PMN was lower than that 
previously reported.”*”’ We believe that this was due to the 
multiple incubations and washings required to perform these 
studies. The stress of an exogenous H,O,-generating system 
on BCNU-treated cells resulted in alterations of some phago- 
cytic functions but not with all functions studied. Thus, 
responsiveness to a chemoattractant and degranulation 


occurred less well in BCNU-treated cells that had been 
incubated in the presence of glucose plus GO. O; production 
and ingestion were unaffected by this incubation in an 
exogenous H,O,-generating system. However, O; produc- 
tion, but not ingestion, was altered when the GO incubation 
was performed in the presence of cyanide, an inhibitor of 
catalase. These results indicate that the sensitivity of PMN 
to H,O, in the presence of decreased GSH is dependent both 
on the nature of the stimulant and the aspect of phagocytic 
function. 

When comparing the results obtained on O; production, 
ingestion, and degranulation in human PMN treated with 
BCNU with PMN obtained from glutathione peroxidase- 
deficient rats,” it appears that the rat cells are more sensitive 
to the loss of function of the glutathione cycle. This may be 
due to the fact that rat PMN are devoid of catalase” and 
thus have no alternative pathway for metabolizing H,O). 

It must be noted that, with the exception of degranulation, 
there was no effect of BCNU alone on any of the phagocytic 
functions measured. The only instances in which inhibition of 
phagocytic functions were noted were when the cells were 
stressed, either endogenously or exogenously, with H,O). 
Therefore, with the exception of the effect of BENU on the 
reduced sulfhydryl content, we postulate that the effects of 
BCNU, as noted, are due to inhibition of GRED and, 
consequently, H,O, metabolism. 

The use of inhibitors of various aspects of the glutathione 
cycle can be helpful in dissecting the effects of H,O, on 
components of phagocytosis. However, it is important to 
realize that these various components display different sensi- 
tivity to BCNU and H,O, and that some of the sensitivity 
may in part be dependent on other protective mechanisms 
present in PMN. 
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Combinations of Recombinant Human Interferons 
and Retinoic Acid Synergistically Induce Differentiation 
of the Human Promyelocytic Leukemia Cell Line HL-60 


By Hiromichi Hemmi and Theodore R. Breitman 


The human acute promyelocytic leukemia cell line HL-60 is 
induced to differentiate into morphologically and function- 
ally mature monocytelike cells by incubation with a combi- 
nation of 10 nmol/L retinoic acid (RA) and various concen- 
trations of recombinant immune interferon (riFN-y}. These 
induced cells show marked increases in antibody-depen- 
dent cellular cytotoxicity (ADCC), antibody-coated eryth- 
rocyte (EA) rosettes, nonspecific esterase, and 5’-nucleoti- 
dase activity. riFN-y alone at concentrations of 10 to 1,000 
U/mL has essentially no effect on morphological matura- 
tion, nitroblue tetrazolium reduction, and immunophagocy- 
tosis. However, riFN-y at these concentrations increases 
EA rosetting in a concentration-dependent manner that is 
not affected by 10 nmol/L RA. At a concentration of 1,000 


HE HUMAN ACUTE PROMYELOCYTIC leukemia 
cell line HL-60' is a useful model system for studying 
the differentiation of human myelomonocytic cells.” HL-60 
is induced to differentiate into granulocytelike cells by 
incubation with a wide variety of compounds including 
dimethyl sulfoxide (DMSO) and retinoic acid (RA)'? or 
into monocyte (macrophage)-like cells by incubation with 
la,25-dihydroxyvitamin D, and phorbol diesters.** HL-60 is 
also induced to differentiate into cells having many charac- 
teristics of monocyte (macrophage)-like cells by conditioned 
media of either mitogen-stimulated normal human periph- 
eral blood mononuclear cells or of mixed-lymphocyte cul- 
tures.“ Changes include increases in the percentage of cells 
positive for nonspecific esterase, having Fe and C3 receptors, 
capable of immunophagocytosis, reducing nitroblue tetrazo- 
lium (NBT), having antibody-dependent cellular cytotoxic- 
ity (ADCC), expressing various surface antigens of mono- 
cytes or macrophages, and maturing morphologically. 
Several groups have found that interferon (IFN)-y, a compo- 
nent of activated lymphocyte-conditioned media, has similar 
effects on HL-60'"* and the suggestion has been made that 
this lymphokine is the active component.'* However, it is 
apparent from other studies that there are also lymphokines 
present, distinct from IFN-y, that have a similar activity.’" 
We have named these lymphokines “‘differentiation-inducing 
activity” (DIA)? A DIA that we have studied was originally 
described by Olsson and Olofsson and partially purified 
from normal human stimulated mononuclear cells’! and 
from the conditioned medium of the malignant T lymphocyte 
line HUT-102.'° Although this DIA alone, at a relatively 
high concentration, induces the differentiation of HL-60, its 
most remarkable effect is its ability at a relatively low 
concentration and in combination with the normal plasma 
concentration of RA (10 to 30 nmol/L) to increase the 
differentiation of HL-60°"" and fresh cells from patients with 
acute promyelocytic leukemia.” The findings that IFN-y 
appears to have a similar activity prompted the present 
investigation to study combinations of IFN and RA. A 
preliminary report on some of the findings in this study has 
been published.” 
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U/ml, riFN-y induces moderate increases in nonspecific 
esterase, 5-nucleotidase, and ADCC. These parameters 
are markedly increased by the addition of 10 nM RA, a 
concentration which alone has no effect on these markers. 
Based on units of antiviral activity, riFN-7 is tenfold more 
active than riFN-aD in inducing EA rosettes and 40-fold 
more active in inducing nitroblue tetrazolium reduction and 
immunophagocytosis. These results, indicating that combi- 
nations of riFN-y or riFN-a and RA synergistically induce 
differentiation of HL-60, suggest that this combination may 
have clinical utility in the treatment of patients with certain 
leukemias. 

This is a US Government work. There are no restrictions 
on its use. 


MATERIALS AND METHODS 


The HL-60 cell line (passages [8 and 28) was maintained in 
polystyrene tissue culture flasks containing a growth medium con- 
sisting of RPMI 1640 medium supplemented with 10% fetal bovine 
serum (FBS). For experiments, the cells were harvested by centrifu- 
gation and resuspended in a serum-free defined medium consisting 
of RPMI 1640 medium supplemented with 5 ug bovine insulin/mL. 
and 5 ug human transferrin/mL” at an initial cell density of 2.5 to 
3 x 10°/mL. The cells were grown at 37°C in a humidified 
atmosphere of 5% CO, in air for four days. The cell number was 
determined with a Coulter Counter, and the viability was deter- 
mined by trypan blue dye exclusion. RA (all-trans-8-retinoic acid, 
Sigma Chemical Co, St Louis} was dissolved in 100% ethanol and 
diluted at least 1,000-fold into the growth medium such that the 
hnal concentration of ethanol was no higher than 0.1%. Manipula- 
tions were in subdued light. Recombinant (r) human IP Ns were 
provided by Dr Sidney Pestka and had the following specific 
activities (U/mg protein): rIFN-aA, 3 x 10° rlFN-eD, 5 x 107: 
and rIFN-y, 2.6 x 107. rIFNs were diluted in RPMI 1640 medium 
supplemented with 10% FBS. The highest concentration of FBS in 
the cultures was 0.25%. Measurements of NBT reduction, immuno- 
erythrophagocytosis, antibody-coated erythrocyte (FA) rosettes, 
5'-nucleotidase (EC 3.1.3.5), and morphology were performed as 
described in detail.” ADCC against chicken red blood cells (CRBC) 
was assessed by the method of Perlmann et al.’ CRBC (1 x 10°) 
coated with a 1/125 dilution of rabbit IgG against CRBC (Cappel 
Laboratories, Cochranville, PA) were labeled with 300 «Ci of "Cr 
(New England Nuclear, Boston) for 1.5 hours at 37 °C, washed by 
centrifugation with phosphate-buffered saline (pH 7.2), and resus- 
pended at a cell concentration of 10°/mL in RPMI 1640 containing 
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Fig 1. Increases in EA rosettes (A, A), immunoerythrophago- 
cytosis (©, E), and NBT reduction (O, @) of HL-60 cells treated 
with recombinant IFN-y alone {open symbols) and in combination 
with 10 nmol/L RA (closed symbols). 


10% FBS. To wells of a 96-well round-bottomed microtiter plate 
{Linbro Scientific Co, Hamden, CT) 100 uL of this radiolabeled 
CRBC suspension (containing 10° CRBC/well) was mixed with an 
equal volume of effector cells suspended in RPMI 1640 containing 
10% FBS. Quadruplicates were performed for each condition. The 
plates were incubated for four hours at 37°C in a humidified 
atmosphere of 5% CO, in air. After incubation the plates were 
centrifuged, and 100 uL of the supernatant fraction, containing the 
“Cr released from lysed CRBC, was collected and counted in a 
gamma-radioactive counter. The percent specific cytotoxicity (SC) 
was calculated according to the formula: Percent SC = [(S — SR)/ 
TC] x 100 where S is the cpm of the sample, SR is the cpm released 
from target cells (CRBC) alone, and TC is the total cpm in 50 uL of 
labeled CRBC. The nonspecific esterase (NSE) was determined 
with the esterase kit obtained from Sigma Chemical Co by using 
c-naphthyl acetate as a substrate. 

Unless otherwise indicated, data points represent the mean values 
of at least three determinations in a single experiment. Each 


HEMM! AND BREITMAN 


experimer.t was performed at least two times, and most experiments 
were repeated at least four times with consistent results. 


RESULTS 


We studied the effects of rf FN-y alone and in combination 
with 10 nmol/L RA on three functional parameters and four 
other differentiation markers of mature myelomonocytic 
cells. rIF N-y alone at concentrations of 10 U/mL or higher 
increases the percentage of cells forming EA rosettes (Fig 1) 
and at higher concentrations (1,000 U /mL) increases phago- 
cytosis (Fig 1), the activities of NSE and S’-nucieotidase, the 
number of cells with a morphology of monocytelike cells 
(Table 1), and ADCC (Fig 2) but has essentially no effect on 
the percentage of cells reducing NBT (Fig 1). The combina- 
tion of 10 nmol/L RA and rIFN-y markedly increases the 
extent of all myelomonocytic differentiation markers com- 
pared with the effect of each of these agents alone (Figs | 
and 2 and Table 1). HL-60 treated with 300 nmol/L RA 
shows increases in both the percentage of cells reducing NBT 
and maturing morphologically to granulocytelike cells (Ta- 
ble 1) but exhibits essentially no increase in the ADCC or 
either in 5’-nucleotidase or NSE, two enzyme markers of 
monocy:es/macrophages (Fig 2 and Table 1). rlIFN-aD 
alone, to a concentration of 5,000 U/mL, does not increase 
the percentage of cells that reduce NBT or are positive for 
immunophagocytosis. However, a concentration-dependent 
increase in EA rosetting is observed (Fig 3). At a concentra- 
tion of £,000 U/mL of either rIFN-a@A or rl FN-aD there is a 
low percentage of cells expressing NSE activity and matur- 
ing to more mature forms (Table 1). Combinations of 10 
nmol/L RA and either rIF N-a@A or rIFN-a@D increase all of 
these parameters, except for EA rosetting, to values that are 
greater than what would be expected from an additive effect 
(Fig 3 and Table 1). Based on U/mL, rIFN-aA and rlFN- 
aD are much less active than rlFN-y. 

There is no substantial growth inhibition of HL-60 by any 
of the :hree rlFNs (Fig 4A and B}. There is a maximum 
growth inhibition of 20% (80% of control) with the rl FN-as 
at concentrations of 500 U/mL and higher (Fig 4B), whereas 
rIFN-~ to a concentration of 3.000 U/mL does not inhibit 


Table 1. Morphological and Functional Changes of HL-60 Induced by IFNs and RA 





Myeloid Differential Counts (%} 














Siena 5'-Nucleotidase 
Banded and NBT 


Activity 
Segmented Reduction NSE {nmol Pi 
Promyelocyte Myelacyte Metamyelocyte Neutrophils Monocyte (R) 1%) Released/hr/ 10° Calis} 
None 94 4 2 ($) 0 7 2 0.06 
300 nmoi/t RA 3 a? 32 38 0 97 4 0.04 
10 nmol/L RA 73 11 12 4 0 23 1 0.03 
rlFN-y, 1,000 U/mL 86 5 1 Q 8 11 12 3.29 
10 nmol/L RA plus IFN-y, 
1,000 U/mL 3 12 3 0 82 93 90 12.3 
IFN-aA, 5,000 U/mL 84 4 7 7 4 8 11 
10 nmol/L RA plus IFN-aA, 
5,000 U/mL 49 8 10 4 29 46 45 
IFN-aD, 5,000 U/mL 88 5 3 0 4 7 12 
10 nmol/L RA plus IFN-aD, 
5,000 U/mL 50 10 7 4 29 43 47 
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The cultures were incubated for four days. 
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Fig 2. ADCC of HL-60 induced by IFN-y and RA. HL-60 cells 
were incubated for four days with none (©), 300 nmol/L RA (@), 10 
nmol/L RA (4), 1,000 U IFN-y/mi (0), and 1,000 U IFN-y/mL plus 
10 nmol/L RA (Mj. Normal human peripheral blood mononuclear 
cells {A) were used as a positive control. Under the same 
conditions there was no spontaneous cytotoxicity of the HL-60 
celis against either K-562 or Moit-4. 


growth (Fig 4A). In the presence of 10 nmol/L RA, 3,000 
U/mL of rIFN-y decreases the growth to 70% of control 
compared with a value of 83% of control obtained with 10 
nmol/L RA alone (Fig 4A). In the presence of 10 nmol/L 
RA, the growth of HL-60 with concentrations of rlFN-as at 
3,000 U/mL is approximately 60% of the control growth, 
and this value decreases to 53% of control at a concentration 
of 100,000 U rIFN-aD/mL. Under all of these conditions 
the viability was greater than 80%. 
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Fig 3. increases in EA rosettes (A, A), immunoerythrophago- 
cytosis (O, W). and NBT reduction (O. @) of HL-60 celis treated 


with IFN-aD alone {open symbols) and in combination with 10 
nmol/L RA (closed symbols}. 
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Fig 4. Growth of HL-60 in the presence of IFNs and RA. (A) 
Growth in the presence of rlFN-y alone {O} and in combination 
with 10 nmol/L RA (@). (B) Growth in the presence of riFN-aA 
(O, @) or riFN-aD (A, A) alone (open symbols) and in combination 
with 10 nmol/L RA (closed symbols). The values in parentheses 
are the number of independent experiments. The bars are the SD. 
The points with no bars are from one experiment. The mean initial 
cell concentration was 3 + 0.34 x 10° cells/mL. The mean control 
cell concentration at day 4 was 10.7 + 2.1 x 10° cells/mL. 


DISCUSSION 


The major finding in this study is that a combination of 
RA with either IFN-y, IFN-a@A, or IFN-aD is synergistic 
for inducing monocytic differentiation of HL-60. There have 
been many reports on the effects of the IFNs on HL-60 and 
other human myelomonocytic cell lines. To our knowledge 
this is the first report to describe the synergistic effects on 
HL-60 of IFN-y in combination with RA. 

IFN-y alone increases the concentration of several surface 
markers including Fe receptors, 7*7 HLA-DR anti- 
gens, ™™* chemotactic peptide receptors,'* and various mono- 
cyte-related antigens defined by monoclonal antibodies.'*'° 
The increase in the concentration of Fc receptors on HL-60, 
measured either directly as the number of IgG 1-binding sites 
per cell or indirectly as the percentage of cells forming EA 
rosettes, is a relatively rapid response to IFN-y with a 
maximum increase within 18 hours'*” and with an EDs 
(concentration required for a half-maximal effect) of 
between 6 U/mL” and approximately 40 U/mL.” With a 
four-day incubation period, we find that the ED. is 40 
U/mL (Fig 1). This dose response is not affected by the 
addition of 10 nmol/L RA even though RA alone at this 
concentration gives a small increase in Fc-positive cells (Pig 
1) and gives values >50% at higher concentrations.’ In 
contrast to other studies'’*?>* we find that exposure to 
IFN-aD results in large increases in the percentage of cells 
that form EA rosettes (Fig 3). Athough Guyre et al”? report 
a 1.6-fold increase in the concentration of Fe receptors on 
HL-60 after less than a one-day exposure, this increase was 
observed only at a very high concentration of 10,000 U 
riFN-a/mL. Our longer exposure condition is not neces- 
sarily an explanation of these differences because it has been 
demonstrated that even after five days’ exposure to 1,000.0 
rlFN-a/mL there is essentially no increase in Fe recep- 





504 


tors.”*** There is no obvious explanation for these differences 
in results on IFN-a induction of Fe receptors except for the 
possibility that serum, used in the other studies and not in 
ours, inhibits the IFN-a@ induction of Fe receptors. The 
induction of Fe receptors by rIFN-a@A and -aD has been a 
reproducible finding in our laboratories for over 3 years. In 
addition, there are increases in two Fe receptor—-dependent 
functions, immunoerythrophagocytosis (Fig 3) and ADCC,” 
when HL-60 is exposed to rlFNa in the presence of 10 
nmol/L RA. These differences in findings on [FN-a- 
associated changes in surface antigens are not limited to Fc 
receptors because IFN-y is reported either to markedly 
increase the expression of HLA-DR” or to have no effect.” 
An increase in the DR antigen is not observed for IFN-a 
and -3°*°* or for RA, DMSO, or 12-0-tetradecanoylphorbol- 
13-acetate (TPA).'*** An increase is observed with 1,25- 
dihydroxyvitamin D,.”° 

NSE and the plasma membrane-associated 5’-nucleoti- 
dase are two enzyme markers generally accepted to charac- 
terize the monocyte/macrophage.” The 5'-nucleotidase 
activity increases 55-fold in cells exposed for four days to 
1,000 U IFN-y/mL, and the combination of IFN-y and 10 
nmol/L RA results in an additional fourfold increase in this 
activity (Table 1). RA alone, either at 10 nmol/L or at 300 
nmol/L, does not increase the 5’-nucleotidase activity. Our 
results with NSE activity (Table 1) are in agreement with 
Koeffler et al“ and Dayton et al’* who found increases in 
NSE-positive cells after five to six days of exposure to 1,000 
U IFN-y/mL. A concentration of 100 U/mL is without 
effect.” Thus, although IFN-y alone, at concentrations of 
100 U/mL or less and at relatively short exposure times, 
induces increases in Fe receptors and HLA-DR, other 
mature markers of monocytic cells, eg, NSE, do not increase 
even after four to six days of exposure. At higher concentra- 
tions of IFN-y (1,000 U/mL and higher) there are increases 
in 5’-nucleotidase and NSE. Exposure of the cells to a 
combination of 10 nmol/L RA and 1,000 U IFN-y/mL 
increases markedly the levels of NSE and 5’-nucleotidase 
compared with the activities with each agent alone (Table 1). 
Two other studies report increases in the percentage of 
NSE-positive cells induced by IFN-y.'*’® In contrast to two 
other studies**** we find that IFN-a@ alone induces a moder- 
ate increase in the percentage of cells that are NSE-positive 
(Table 1). As was the case with IFN-y, this parameter is 
increased further by combinations of RA and IFN-a. 

Our results on an increase in ADCC by IFN-y (Fig 2) are 
in agreement qualitatively with those of Ball et alt and 
Dayton et al.“ ADCC is an activity associated with granulo- 
cytes and monocytes/macrophages. It therefore is of interest 
that HL-60 induced with RA alone at concentrations up to 
300 nmol/L has essentially no ADCC activity (Fig 2). A 
similar finding was reported by Dayton et al’? for HL-60 
induced with 100 nmol/L RA for five days. Because RA 
induces HL-60 to granulocytelike cells, these results could 
indicate that the HL-60 granulocyte is deficient in ADCC. 
In support of this possibility are the findings that DMSO 
fails to induce ADCC in HL-60.'** However, it has also 
been reported that DMSO induces HL-60 to cells with 
moderate levels of ADCC activity’? and that monocytoid 
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cells induced by TPA have essentially no ADCC activity, 
The combination of 10 nmol/L RA with either IFN-aA or 
IFN-aD results in the induction of cells with monocytoid 
characteristics (Table | and Fig 3}. However, this combina- 
tion, ever with an IFN-aD concentration of 100,000 U/mL, 
gives only a very small increase in ADCC.” These results 
extend those reported previously that IFN-« at a concentra- 
tion of 1,000 U/mL does not increase the ADCC activity of 
HL-60.*4 

A review of the literature on the effects of IFN on the 
morphology and growth inhibition of HL-60 indicates major 
differences. Except for one report’! there is unanimity that 
HL-60 is induced by IFN-y to differentiate to monocytoid 
cells.'*'°"°? The extent of this change at concentrations of 
1,000 U/mL is relatively low. We classified 8% of the cells as 
monocytes after a four-day exposure (Table 1), whereas 
Koeffler et al” found 17% after a six-day exposure. The 
percentage of monocytes is greatly increased after incubation 
of HL-60 with the combination of 10 nmol/L RA and 1,000 
U IFN-ẹ/mL (Table 1). IFN-a alone has essentially no 
effect on changes in morphology (Table 1), in agreement 
with other reports.47""""4* However, in combination with 10 
nmol/L RA an increase in morphological maturation is 
observed (Table 1). Based only on the morphological changes 
that we saw in the presence of RA and IFN-a it appears that 
monocytes and more mature granulocytes are formed. How- 
ever, based on the percent NSE, which is a more objective 
test for monocytes, it is probable that most of the interme- 
diate granulocyte forms are monocytoid. It is likely that a 
similar difficulty in distinguishing between intermediate 
granulocytes and monocytoid cells by light microscopy was 
also the case with combinations of 10 nmol/L RA and 
concentrations of IFN-y <1,000 U/mL. 

There have been equivocal results on the inhibition of the 
growth of HL-60 by the IFNs. Our results (Fig 4A) indicate 
that IFN-y alone does not inhibit the growth measured after 
a four-day incubation period. These results are in agreement 
with several studies in which the growth or proliferative 
ability was measured three to six days after the addition of a 
single dose of IFN-y.'*/**42?°° In contrast to these results, 
four groups report a marked inhibition of the growth of 
HL-60 by IFN-y.'*?'3?3° In each of these studies natural 
(n)IFN-y was used, the incubation period was longer than 
four days, and/or fresh IFN-y was added to the cultures 
during the test period. The greater stability of nIFN-+y 
compared to rlF N-y under culture conditions is probably an 
explanation for these differences.” 

The relatively large inhibitory effects on the growth of 
HL-60 of approximately 50% at concentrations of 500 to 
5,000 U IFN-a/mL reported by two groups?” has not been 
observed by us (Fig 4B) or by others.'*’*"*° In the presence 
of 10 nmol/L RA, IFN-@ had only a relatively small 
growth-inhibitory effect (Fig 4A). At a concentration of 
3,000 U [FN-a/mL, the growth was 85% of that observed 
with 10 nmol/L alone. This apparent high growth potential 
in a population of cells that have many markers associated 
with terminally differentiated myeloid cells (Table 1, Figs | 
and 2) indicates that the loss of growth potential is a late 
event in the maturation process. The growth inhibition by 
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IFN-a« in the presence of 10 nmol/L RA (Fig 4B) appears to 
be greater than that of IFN-y, especially if comparisons are 
made at IFN concentrations that induce similar levels of 
maturation. Thus, it is possible that a portion of the growth 
inhibition by IFN-a is not related to terminal differentia- 
tion. 

Our results on the effects of a combination of 10 nmol/L 
RA and IFN-a confirm and extend those reported by Grant 
et al.” These workers found that a combination of 100 
nmol/L RA and 1,000 U IFN-a/mL increased by twofold 
the percentage of cells reducing NBT, from 42% with 100 
nmol/L RA alone to 89% with the combination. IF N-a alone 
did not increase this parameter over the seven-day incubation 
period. Our results with 10 nmol/L RA in combination with 
various concentrations of IFN-a also show the apparent 
synergistic effect not only on NBT reduction but also on 
phagocytosis, morphology, NSE (Fig 3, Table 1), and more 
recently on ADCC.” The marked increase in NSE expres- 
sion indicates that under our conditions the mature cells are 
monocytes. No designation of lineage is given by Grant et 
al. In another study using combinations of RA and IFN-a 
Tomida et al% found after a four-day incubation period that 
a combination of 40 nmol/L RA and 1,000 U IFN-a/mL 
had essentially no effect on increasing the percentage of cells 
maturing beyond the promyelocyte stage compared with the 
condition with 40 nmol/L RA alone. However, they did find 
a shift to more mature granulocytes based only on light 
microscopy evaluation. Because no additional assays were 
performed to confirm these morphological changes, a shift in 
the direction of differentiation, from granulocytes in the 
presence of RA alone to monocytes in the presence of RA 
and IFN, may have occurred. Under our conditions of 10 
nmol/L. RA and either IFN-a or IFN-y there is a shift to the 
monocyte lineage. It will be of interest to explore in greater 
depth the question to which lineage HL-60 matures in the 
presence of various concentrations of RA and IFN. 

Recent reports on the binding parameters of the IFNs to 
lymphocytic and myeloid cells, including HL-60,°°°°% 
allows us to make some correlations of the biologic effects we 
and others have observed with the kinetic parameters for 
IFN binding and the concentration of receptors on the cell 
plasma membrane. The dissociation constant (Kp) of 
rlFN-y for its receptor is approximately 0.4 nmol/L, with 
approximately 4,000 receptors/HL-60 cell.” Based on the 
specific activity of the rIFN-y used in this study and a 
molecular weight of 17,500, a concentration of 0.4 nmol/L is 
equivalent to 180 U/mL. This concentration of IFN-y alone 
increases the Fc receptor concentration of HL-60 and in the 
presence of 10 nmol/L RA increases the percentage of cells 
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reducing NBT and capable of phagocytosis (Fig 1). Thus, 
biologic effects are observed at a concentration of IFN -y at 
which 50% of its receptors are occupied and the extent of 
these effects is closely related to the expected level of 
receptor occupancy. A similar conclusion can also be made 
for IFN-aw based on a Kp of 0.25 nmol/L." In addition, 
during RA- or DMSO-induced differentiation of HL-60, the 
number of IFN-a-binding sites per cell increases almost 
threefold from 600 to 1,600. Because of the expected 
positive relationship between the receptor number and the 
extent of a response, cells with a greater number of receptors 
would exhibit dose-response curves for IFN-a@ that are 
shifted to lower concentrations. This in part, may be an 
explanation for the synergy of combinations of RA and 
IFN-a. A similar increase in the concentration of [FP N-y 
receptors has not been observed during differentiation 
induced with either RA.’ DMSO, or TPA.” 

Acute myelogenous leukemia has been viewed as a disease 
involving a block in the normal maturation of myeloid cells. 
Thus, it is possible that some leukemia cells do not mature 
either because they have a decreased ability to respond to 
exogenous differentiative factors or because the production 
of specific gene products obligatory for differentiation is 
altered. It is now clear, at least for some human myelomono- 
cytic cell lines, that this block in maturation is not permanent 
and that incubation with physiological agents promotes 
end-terminal differentiation. These findings have generated 
interest in the induction of differentiation as an alternative 
approach to the treatment of some leukemias. Previous 
studies have shown that the differentiation of HL-60 in the 
presence of 10 nmol/L RA is markedly potentiated by 
agents, including cholera toxin, dibutyryl cyclic adenosine 
monophosphate (cAMP), and prostaglandin E, that increase 
the intracellular concentration of cAMP.’ In addition, HL- 
60 is primed to respond to these agents, including the 
lymphokine DIA, by incubation with 10 nmol/L RA alone.” 
Fresh cells from patients with acute promyelocytic leukemia 
are induced to differentiate in primary culture by RA,” and 
combinations of RA and DIA are even more effective.’ Thus; 
the finding in this and other studies that rIFNs have DIA 
means that the availability of DIA is not a problem for 
clinical studies. Recombinant technology should also allow 
for the construction of new DIAs having greater specificities 
and/or less toxic side effects. 
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Differentiation of Blast Cells From a Down’s Syndrome Patient 
With Transient Myeloproliferative Disorder 


By Junko Suda, Mitsuoki Eguchi, Yoshihiro Akiyama, Yoshihiko lwama, Toshiharu Furukawa, 
Yuko Sato, Yasusada Miura, Toshio Suda, and Masaki Saito 


A male neonate with Down's syndrome and congenital 
myeloproliferative disorder was studied. His blood picture 
showed the unique coexistence of leukocytosis with 
matured cells and a large number of blast cells. The in vitro 
proliferation and differentiation of blast cells into various 
lineages in the presence of phytohemagglutinin-stimulated 
leukocyte conditioned medium (PHA-LCM) was examined 
by using a liquid culture and a methylcellulose culture 
system. The differentiation of blast cells into myeloid cells 
was confirmed by specific cytochemical stainings, electron 
microscopy, and an immunologic study. No specific factors 
in the plasma of the patient promoted the proliferation or 
differentiation of blast cells. The cellular composition of 
colonies grown in methylcellulose culture from single blast 
cells was studied by a micromanipulation technique. High 


NFANTS WITH DOWN'S SYNDROME are predis- 
posed to the myeloproliferative disorder.'* This myelo- 
proliferative disorder is characterized as follows: (1) the 
disorder is usually transient and putatively benign; (2) it is 
not associated with anemia, neutropenia, or thrombocytope- 
nia, despite the presence of many blast cells in the peripheral 
blood; (3) the percentage of blast cells is greater in the blood 
than in the bone marrow; and (4) the blast cells demonstrate 
trisomy 2] with no other cytogenetic abnormalities. The 
nature of this disorder has been the subject of continued 
controversy.” The etiologic relationship between the leuke- 
moid reaction and acute leukemia is obscure. Because blast 
cells have no signs of differentiation, the lineage to which 
these cells belong has not been defined. The capacity of 
proliferation and differentiation of blast cells has not been 
clarified yet. 

Recently, we encountered a patient with Down’s syndrome 
who showed marked neutrophilia, basophila, and thrombocy- 
themia with increased numbers of blast cells. We character- 
ized the pattern of proliferation and differentiation of blast 
cells using the single-cell culture method. Cytochemical, 
ultrastructural, immunologic, and gene rearrangement stud- 
ies were done. 
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plating efficiency was observed. Of 136 cultures, 78 
showed colony growth. Half of the biast cells were colony- 
forming cells that could proliferate and differentiate into 
basophils. neutrophils, eosinophils, macrophages, and 
erythrocytes in the presence of PHA-LCM. Using the blast 
cells with a high differentiation capacity to the basophil 
pathway, we studied the effect of recombinant granulo- 
cyte-macrophage colony-stimulating factor (GM-CSF). 
Recombinant GM-CSF support neutrophils, eosinophils, 
and macrophages but not typical basophils. These findings 
of the cell differentiation of blast cells into various kinds of 
celis in vitro were in agreement with the finding of neutro- 
philia, eosinophilia. basophilia, and thrombocythemia in 
this patient. 

® 1987 by Grune & Stratton, Inc. 


CASE REPORT 


A 9-dayv-old boy had typical findings of Down's syndrome with 
marked hspatosplenomegaly and heart murmur. His hemoglobin 
level was 8.8 g/dL, and his WBC count was 61,600/nL with 62% 
blasts, 1% promyelocytes, 1% myelocytes, 1% metamyelocytes, 18% 
segmentec neutrophils, 6% eosinophils, 4% basophils, and 7% lym- 
phocytes. Erythroblasts were seen in the peripheral blood. The 
platelet count was 354,000/uL. The bone marrow examination 
showed a normal maturation of all cel) lines despite the presence of 
33% blasts. The neutrophil alkaline phosphatase score was within 
normal limits. A myeloproliferative disorder was diagnosed, and no 
specific therapy was given. The peripheral WBC increased to 
144,000/ul with 67% blasts, 10% segmented neutrophils, 10% 
eosinophils, 3% basophils, and others within | month. Platelets also 
increased to 1,190,000/zL. At that time, bone marrow examination 
showed norma! maturation of all cell Hines with blasts. The patient 
gradually secame ill because of congestive heart failure. At the age 
of 2 months, he died of bleeding from a duodenal ulcer. His WBC 
count was 31,700/nL with 11% blasts, 14% segmented neutrophils, 
30% eosinophils, 2% basophils, and others one day before death. 
Autopsy findings showed marked extramedullary hemopoiesis of all 
cell lines ir the liver. 


MATERIALS AND METHODS 


Cells. Peripheral blood mononuclear cells were separated by 
Ficoll-Paqae (Pharmacia Fine Chemicals, Uppsala, Sweden) den- 
sity centrifugation; the interface cells were harvested and washed 
twice in Iscave’s modified Dulbecco's medium (IMDM, GIBCO, 
Grand Island, NY). 

Cell culture. Liquid culture was carried out as follows: Cells 
were suspended in IMDM with 5% phytohemagglutin-stimulated 
leukocyte conditioned medium (PHA-LCM) and 10% fetal calf 
serum {FCS} or the patient's platelet-poor plasma (PPP) or a 
healthy doror's PPP. The cells were incubated at } x 10°/mL in 
25-cm? tiss ae culture flasks (Corning Glass Works, Corning, NY) or 
in 96-well cissue culture plates (Sumitomo Bakelite Co, Tokyo) at 
37 °C in a humidified atmosphere of 3% CO, in air. Half of the 
culture medium was replaced once or twice a week with freshly 
prepared medium. 

Methylcailulose culture was performed in 35-mm nontissue cub- 
ture dishes (Falcon Labware, Oxnard, CA). A I-mL mixture of 10° 
peripheral blood mononuclear cells, IMDM, 1.2% methylcellulose 
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(Dow Chemical Co, Midland, MI), 30% PPP, 1% bovine serum 
albumin (Sigma Chemical Co, St Louis), 1 unit of erythropoietin 
(Toyobo, Osaka, Japan), and 5% PHA-LCM or 5% GM-CSF was 
incubated at 37 °C in a humidified atmosphere of 5% CO, in air. 
PHA-LCM was prepared as described previously.” Recombinant 
GM-CSF was generously provided by Dr K. Arai in DNAX.” Using 
an inverted microscope, the culture plates were evaluated after 10 
days for GM colonies, erythroid bursts, and mixed colonies. 

Culture of single cells. The technique for single-cell manipula- 
tion was basically similar to that described previously." Mononu- 
clear cells were plated on methylcellulose medium at a concentration 
of 10’ cells/mL in a 35-mm culture dish. The transfer of a single cell 
to a second 35-mm culture dish containing | mL methylcellulose 
medium with 30% PPP, 5% PHA-LCM, and | U/mL of erythro- 
poietin was accomplished under direct microscopic visualization by 
using a fine Pasteur pipette attached to a micromanipulator ( Nari- 
shige Scientific Instrument Laboratory, Tokyo). After confirmation 
that a cell was present in each culture dish, incubation was carried 
out at 37 °C in an atmosphere of 5% CO, in air. On days 11 through 
13 of incubation when the colonies appeared to have matured, 
individual colonies were lifted from the methylcellulose medium 
using a 3uL Eppendorf pippete. The samples were spun in a Shandon 
Cytospin (Shandon Southern Products, Sewickley, PA) and stained 
with May-Griinwald-Giemsa. 

Cytochemical studies. The cells were stained with peroxidase, 
Sudan black, alkaline phosphatase, toluidine blue, and periodic 
acid—Schiff (PAS) staining. Nonspecific esterase and chloroacetate 
esterase staining was performed according to Yam et al." 

Immunological studies. Reactivity of the fresh peripheral 
mononuclear cells and the cultures cells with murine monoclonal 
antibodies (My 4, 7, 8, Mo 1, la and Leu 2, 3, 4, 11, 12, J5) was 
assayed by an indirect immunofluorescence technique using a fluo- 
rescence-activated cell sorter. 

Gene rearrangement studies. The status of the immunoglobulin 
heavy-chain genes and T cell receptor genes was assessed. DNA 
from blast cells was extracted, digested with restriction enzymes, 
size fractionated on agarose gels, Southern blotted, and hybridized 
with the human Jy immunoglobulin gene probe and the human T; 
receptor gene probe. 

Electron microscopy. Buffy coat cells of peripheral blood and 
cultured cells were fixed with glutaraldehyde and osmium tetroxide, 
dehydrated, and embedded in epoxy resin for transmission electron 
microscopy. 

Chromosome analysis. Chromosomes were studied on samples 
of fresh peripheral blood cells with or without the stimulation of 
PHA and single colonies according to a method described previous- 
ly.” 


RESULTS 


Liquid culture. Mononuclear cells isolated from the 
peripheral blood by Ficoll-Paque density centrifugation 
showed 86% blast cells. The blast cells had no granules and 
an undifferentiated appearance on light and electron micro- 
scopic examination (Fig 1). Mononuclear cells were cultured 
in the presence of 5% PHA-LCM and | U/mL erythropoie- 
tin with 10% PPP or 10% FCS. The total number of cells 
increased to 100-fold within ten days (Fig 2). The patient's 
PPP or healthy donor's PPP supported cell growth better 
than FCS. There was no significant difference between the 
patient’s PPP and healthy donor's PPP. The blast cells had 
no characteristic cytochemical findings. All surface markers 
tested were negative. The immunoglobulin heavy-chain 





Fig 1. 


Ultrastructure of a blast cell in the peripheral blood. The 
round nucleus has finely dispersed chromatin and a large nucleo- 
lus; the cytoplasmic organelles are poorly developed (original 
magnification x 10,800; current magnification x 7,560). 


genes and T cell receptor genes of the blast cells were found 
to be in germ line configuration. However, the cultured cells 
were positive in peroxidase, Sudan black, alkaline phospha- 
tase, PAS, nonspecific esterase, chloroacetate esterase, and 
toluidine blue stainings. The cultured cells were reactive with 
My 7 (antibody-defining antigens expressed on cells in the 
myeloid lineage) but were not reactive with antibodies of My 
4, Mo 1 or la. Smears of the cells obtained in a 9-day culture 
stained with May-Griinwald-Giemsa showed neutrophils, 
eosinophils, basophils, macrophages, erythrocytes, and 
megakaryocytes. Electron microscopic studies confirmed 
these cell lineages. 

Methylcellulose culture. We observed a 50% plating 
efficiency in cultures of patient's peripheral blood mononu- 
clear cells in the medium containing healthy donor’s PPP in 
the presence of PHA-LCM and erythropoietin. The plating 
efficiency was extremely high when compared with that in 
cultures of cord blood mononuclear cells (Table 1). Many 
GM colonies, erythroid bursts, and mixed hemopoietic colo- 
nies were observed on the tenth day of culture. The GM 


Fig 2. Time course of pro- - Aiar P ; 
liferation of peripheral blood “ ‘ y 
mononuclear cells, 86% of i F4 
which are blast cells. The total $- a 


number of cells supplemented 
with healthy donor's PPP 
(@—@). patient's ppp (a-——4) f 
or FCS (EE) is plotted on an V — — 
exponential scale. Days on Culture 
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Table 1. In Vitro Methyicellulose Culture of Mononuclear Cells 
From the Peripheral Blood of the Patient With Myeloproliferative 


Disorder and Normal Cord Blood 
peelings ice koe E 





Media GM Colonies  Erythroid Bursts Mixed Colonies 
Patient FCS 125 + 10 17 +3 o 

PPP 455 + 35 10+ 1 5+5 
Cord blood FCS 6 +2 5+1 1+1 

PPP 5 + 1 Sti 0 


ee a 
Peripheral mononuclear cells were plated at a concentration of 1 x 10° 


per dish in the presence of 5% PHA-LCM. The colonies were counted on 
day 10 of culture. 
*Media contain 30% FCS or 30% healthy donor's PPP. 


colonies consisted mainly of neutrophils, eosinophils, and 
basophils. Recombinant GM-CSF supported neutrophils, 
eosinophils, and macrophages but not typical basophils. We 
examined the cell lineage of constituent cells in colonies 
grown in a dish containing PHA-LCM or recombinant 
GM-CSF. About 50% of the cells grown in recombinant 
GM-CSF contained large granules that were toluidine blue- 
negative, whereas 50% of the cells grown in PHA-LCM were 
basophils that were toluidine blue—positive (Table 2). Elec- 
tron microscopically, the typical basophils grown in PHA- 
LCM were polymorphonuclear and displayed membrane- 
bound cytoplasmic granules filled with fine particles (Fig 
3A). These ultrastructural features were identical to those 
observed in human peripheral blood basophils. On the other 
hand, the cells grown in recombinant GM-CSF lacked the 
granules with a fine particulated structure but contained 
large granules that resembled those in young basophils 
grown in cord blood cell cultures (Fig 3B).'* We studied 
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Table 2. Differential Counts of Pooled Colonies in a Dish 
Containing PHA-LCM or Recombinant GM-CSF 





Differential Counts (%) 








n m p b Undefined Cells* 
PHA-LCM 52.0 2.0 68 39.2 —- 
Recombinant GM-CSF 448 16 4.0 — 49.6 





Mononuclear cells (1 x 10°/mL) were cultured in the presence of 5% 
PHA-LCM or 5% recombinant GM-CSF. Differential counting was carried 
out on 250 cells from ten days of culture. 

Abbreviations: n, neutrophils; m, macrophages; e, eosinophils: b, 
basophils. 

*Cells containing large granules that were negative for toluidine blue 
staining. 


colony formation without PHA-LCM, and no colony forma- 
tion was seen at a concentration of 10° cells per dish. 
Single-cell culture. To establish the clonality of the 
colony, we cultured single cells that were transferred using a 
micromanipulator. Single-cell culture was done in a total of 
136 cultures, of which 78 showed colony growth (57%). A 
total of 66 cultures gave evaluable data. May-Griinwald- 
Giemsa staining of the colonies revealed various types of 
colonies as shown in Table 3. Among them, 54 colonies 
(81.8%) contained basophils, 40 (60.6%) contained neutro- 
phils, 40 (60.6%) contained eosinophils, and 25 (37.9%) 
contained macrophages. Three colonies contained erythro- 
cytes. Twenty colonies consisted of less than 50 cells. The 
remaining 47 colonies were larger, and 34 colonies consisted 
of 200 to 3,500 cells. The appearance of a mixed colony 
consisting of five lineages derived from a single blast is shown 
in Fig 4A. The colony showed a compact red center and small 





Fig 3. 


(A) Ultrastructure of mature basophil cultured for nine days in the presence of PHA-LCM. The nucleus is multilobulated. The 


granules exhibit a fine particulated content, which is typical of basophils in vivo (original magnification x 11,200: current magnification x 
8,176). A detailed structure of the granules is highlighted in the inset (original magnification x 32,600; current magnification x 
23,798). (B) Ultrastructure of toluidine blue-negative cell grown in the presence ef recombinant GM-CSF. The dispersed chromatin of the 
nucleus indicates the cell is immature. The large granules with homogenous materials in the center are similar to those of basophil/mast 
cells grown in the culture of cord blood cells (original magnification x 11,200; current magnification x 8,176). A detailed structure of the 
granules is highlighted in the inset (original magnification x 35,700; current magnification x 26,061). 
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Table 3. Various Types of Colonies Formed by Single Blast Cells 
Si i kA le NA AE IA SS ASSESS EEE 


-e OENE . — Number of 
b e n m E Colonies 

+ + + + 2 
+ + + + 10 
+ + + 15 
+ 4 + 2 
n 4 + 1 
4 + 2 
+ + 3 
4 + 2 
+ 17 
+ + ; + 1 
+ + + 4 
+ + 2 
+ + 1 
n 1 
+ + 1 
+ 1 
t 1 
54 40 40 25 3 66 


aaao 


The colonies were examined on days 11 through 13 of incubation 
when the colonies appeared to have matured. 

Abbreviation: b, basophils; e, eosinophils; n, neutrophils; m, macro- 
phages; E, erythrocytes. 


refractile cells in the surrounding region. Figures 4B and 4C 
show that the cells consisted of the mixed colony stained with 
May-Grünwald-Giemsa. 

Chromosome analysis. The peripheral blood lympho- 
cytes showed trisomy 21. The sample from peripheral blood 
without PHA stimulation showed trisomy 21 in all 28 
metaphases examined. Of 13 colonies examined, eight colo- 
nies contained analyzable metaphases. Each colony con- 
tained 1 to 19 metaphases, yielding 55, and all of them were 
trisomy 21. 


DISCUSSION 


The hematologic state in the congenital myeloproliferative 
disorder of Down's syndrome is characterized by increased 
blast cells and resembles acute congenital leukemia. How- 
ever, this disorder is unique in that the hematologic abnor- 
mality is self-limited. The work of Miller et al'* and our case 
show the coexistence of marked thrombocythemia and a 
large number of blast cells. This hematologic profile is 
distinguishable from such myeloproliferative disorders in 
adults as chronic myelocytic leukemia and essential throm- 
bocythemia. 

An important question in clarifying the characteristics of 
the blast cells in transient myeloproliferative disorder in 
Down's syndrome is whether such cells are leukemic or 
nonleukemic. Leukemia is defined as the clonal proliferation 
of abnormal cells that are transformed from hemopoietic 
cells. In our patient, it is difficult to determine whether this 
disorder is clonal hemopathy or not because there were no 
additional chromosomal abnormalities or genetic markers. 
However, it is certain that these blast cells are derived from 
the cells with trisomy 21 because even in phenotypically 
normal neonates showing abnormal hemopoietic states, chro- 
mosome studies revealed trisomy 21 mosaicism.**’* In par- 
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Fig 4. (A) A multilineage colony derived from a single blast 
cell. The center is compact with small red cells. (B) May- 
Griinwald-Giemsa preparation of cells from the multilineage col- 
ony shown in (A). Erythroblasts are shown. (C) May-Griinwald- 
Giemsa preparation of cells from the multilineage colony shown in 
(A). Mature neutrophils and a young myeloid cell are shown. 


ticular, Weinberg et al reported a neonate with this disorder 
having a 46,XX/47,XX,+21 karyotype limited to the hemo- 
poietic system.” 

The in vitro colony formation was reported to be normal in 
transient myeloproliferative disorder” or transient acute 
leukemia in Down's syndrome.'* However, the relationship 
between blast cells and colony-forming cells is unclear. We 
demonstrated that blast cells in our patient could proliferate 
to form large colonies and differentiate into various kinds of 
cell lineages. The lack of a significant difference between the 
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patient's plasma and healthy donor’s plasma for supporting 
cell growth suggested that there were no abnormalities of 
hemopoietic regulators. The single-cell transfer experiment 
demonstrated that about half of the blast cells were colony- 
forming cells that could proliferate and differentiate into 
basophils, neutrophils, eosinophils, macrophages and eryth- 
rocytes. Electron microscopy showed the maturation of and 
differentiation into each lineage. 

Nakahata and Ogawa" reported a human blast colony 
assay. However, the replating efficiency of these cells is not 
as high as those of murine blast colonies.” The treatment 
with monoclonal antibody (MY-10) is necessary for the 
enrichment of stem cells.*! The mononuclear fraction of 
peripheral blood in this patient has an extremely high plating 
efficiency and differentiation activity. The predominance of 
colonies containing basophils provided an opportunity for 
studying whether recombinant GM-CSF supports the differ- 
entiation of basophils in addition to neutrophils, eosinophils, 
and macrophages.” It is suggested that recombinant GM- 
CSF does not support the differentiation of basophils and 
that other factor(s) might be required for the terminal 
maturation of basophils. 

In acute myelogeous leukemia, the in vitro colony forma- 
tion was reported to be abnormal; large numbers of small 
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colonies or clusters were formed, and the constituent cells 
remained immature.””? We previously showed that mega- 
karyoblastic leukemic cells also have the capacity for differ- 
entiation into some lineages that are not expressed in vivo.” 
However, in the present case, the findings of the cell differen- 
tiation of blast cells into various kinds of cells in vitro were in 
agreement with the findings of neutrophilia, eosinophilia, 
basophifa, and thrombocythemia in vivo. 

Before the patient died, granulocytosis developed concur- 
rent with a decrease in the number of blast cells. Autopsy 
findings revealed extramedullary hemopoiesis in the liver, 
but the infiltration of blast cells was not marked. In view of 
the in vitro and in vivo findings, hemopoietic differentiation 
was not blocked. Therefore, it is assumed that the blast cells 
of this patient with transient myeloproliferative disorder are 
transformed from hemopoietic stem cells with trisomy 21 
and that these clones could not survive persistently due to 
their high differentiation activity. 
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Relationship of the Hematopoietic Cycle to the Combined Activities of a 
Stimulator and a Short-Lived Inhibitor 


By Philip J. Burke and Judith E. Karp 


Substances that circulate in the blood following drug- 
induced bone marrow aplasia produce a biphasic curve of 
DNA synthesis in cells in liquid and semisolid cultures 
which reflect relative concentrations of these growth 
regulators of hematopoiesis. This net effect magnified by 
induced marrow failure in human, rat, and mouse is a 
sinusoidal curve that is the reciprocal of the WBC. Gener- 
ated in the bone marrow, humoral stimulating activity 
(HSA) produces peak growth of colonies in agar (CFU-GM) 
during the proliferative phase of bone marrow recovery, 
whereas humoral inhibitory activity (HIA), present at the 
time of marrow maturation, suppresses colony growth. 
Split femurs from rats given cyclophosphamide (CY) and 
killed at regular intervals condition media that affect DNA 
synthesis in a fashion similar to that of HSA-HIA in the rats’ 
sera. in Dexter cultures, HSA is derived from the adherent 


ORMAL PERIODIC oscillations of the formed ele- 
ments in the peripheral blood suggest that hemato- 
poiesis is regulated by positive and negative humoral mecha- 
nisms.’ Support for this concept derives from the findings of 
Bierman’? and Morley and colleagues’ of growth-stimulating 
factors in sera during induced pancytopenia. With an assay 
capable of measuring the negative phase of a sine-wave, we 
can detect both stimulatory and inhibitory activities in the 
sera of patients recovering from drug-induced sublethal bone 
marrow aplasia.’ Sequential studies designed to elucidate 
this phenomenon yielded data that can now be integrated 
with emerging evidence for the presence of characterized 
substances that influence the growth of hematopoietic cells 
in the bone marrow. 

The observed consistent fluctuation of humoral factors 
during induced acute failure and subsequent recovery of 
hematopoiesis is best explained by the net activity of a 
stimulator of constant amount originating in the bone mar- 
row stroma, coupled with an inhibitor of varying concentra- 
tion derived from maturing hematopoietic bone marrow 
elements. The result of this interaction is bone marrow 
homeostasis. 


MATERIALS AND METHODS 


Mice. Female CD-F, (BALB/c x DBA/2) mice, aged 9 to l] 
weeks and weighing ~20 g, were obtained from M. A. Bioproducts, 
Bethesda, MD and used within 6 weeks of arrival. They were housed 
ten to a cage and were given chlorinated tap water and Purina 
Laboratory Chow ad libitum. In three separate experiments, 30 mice 
per point received cyclophosphamide (CY), 300 mg/kg (LD,) 
intraperitoneally (IP), or saline. The results of the three experiments 
were similar, and the data were combined for presentation (analysis 
of variance). 

Rats. Female LBN-F, (Lew x BN) rats, aged 9 to 12 weeks, 
were obtained from Harlan Sprague Dawley and used within 6 
weeks of arrival. They were kept four to a cage and were given 
Purina Rat Chow and water ad libitum. 

In three separate experiments, nine rats per point received CY, 
175 mg/kg (LD,) IP. To determine the timing of the appearance 
and magnitude of HSA after cytosine arabinoside (ara-C), rats 
received a single course of drug at high dose to induce total bone 
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rather than the hematopoietic cell, whereas HIA is pro- 
duced by that nonadherent cell. Animals treated with a 
lethal dose of busulfan (BU) produce large amounts of HSA 
in vivo until death. Those transplanted with adherent bone 
marrow cells depleted of hematopoietic cells on day 1 after 
BU also die, whereas those given nonadherent marrow 
cells survive and generate HIA at the time of bone marrow 
recovery. HSA and media conditioned by bone marrow 
stromal cells causes an increase in spleen colonies (CFU-S), 
as does HIA. These studies support the contention that the 
net effect of putative regulators of hematopoiesis, mea- 
sured in the drug-perturbed state, consist of a constantly 
present stimulator emanating from bone marrow stroma, 
and a variable inhibitor produced by maturing hemato- 
poietic bone marrow cells. 

æ 1987 by Grune & Stratton, inc. 


marrow aplasia, followed by recovery of formed clements over time. 
Triplicate animals were exsanguinated daily, and HSA, HIA, and 
WBC count were determined. 

Humans. in initial trials, 12, and in subsequent trials, a further 
20 adult patients who had progressive incurable neoplasms but no 
detectable physiological defects and whose hematopoietic function 
was adjudged normal by peripheral blood examination and bone 
marrow biopsy and aspirate were treated with CY, 120 mg/kg 
intravenously (LV). The effect on DNA synthesis of the pretreat- 
ment sera of each was within normal range. All patients were 
advised of procedures and attendant risks, in accordance with 
institutional guidelines, and gave informed consent. 

Sera collection. Mouse blood was obtained by exsanguination 
from replicate animals daily until WBC recovery after therapy. Rat 
blood was obtained in a similar fashion under metaphane anesthesia. 
Prior to therapy and three times a week until the peripheral WBC 
count stabilized, 10 mL of human whole blood were collected from 
each patient and allowed to clot. All sera were separated and stored 
immediately at — 70°C. At the end of the collection period, all sera 
were assayed simultaneously to determine the effect of the sequen- 
tial sera on (7H ]TdR incorporation by bone marrow cells in the assay 
system. Normal sera were obtained from 30 volunteers and pooled. 
When these 30 normal sera were assayed individually for their 
effects on *H-thymidine [*HITdR incorporation by bone marrow 
cells, each fell within the range of | SEM of the activity of the pou. 
The activity present in pretreatment and posttreatment sera of all 
species was compared with the activity of the normal control pool in 
each assay and reported as a percentage of normal. 
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Scintillation assay. The effect of sera on (°H]TdR incorpora- 
tion by normal rodent bone marrow cells was measured by the 
scintillation counting technique. Control studies in the laboratory 
have demonstrated that the sum of activities of distinct stimulatory 
and inhibitory humoral factors that influence cell proliferation is 
measurable by this method (ref 6, unpublished control observations, 
July, 1972). 

In these assays, 1.0 wCi/mL of culture of (7H]TdR (specific 
activity, 1.9 Ci/mmol) was added to tubes in triplicate of RPMI 
1640 medium and incubated with fresh bone marrow cells (10°/mL) 
at 37°C in a 7% CO,-humidified atmosphere at a final volume of 2 
mL. Sera to be evaluated were added to attain a concentration of 
30%. After 18 hours of incubation, the cultures were terminated by 
immersion in ice, and the cellular contents of each tube were 
collected under vacuum on a glass-fiber filter. Each tube was washed 
with cold 0.9% NaCl solution, and the wash was added to the filter. 
Following three washings with 0.9% NaCl solution, the acid- 
insoluble materials on the filter were precipitated by three washings 
with cold 5% trichloroacetic acid and were then washed three times 
with absolute ethanol. The dry filter was transferred to a screw-top 
vial to which 6 mL of scintillation fluid was added, cooled, and 
counted in a liquid scintillation spectrometer. Results are expressed 
as actual counts per minute for each experiment. 

Preparation of [’H]TdR microautoradiographs. Aliquots of 
rodent femur and aspirated human bone marrow tumor cells were 
prepared and analyzed for labeling index (LI) by methods described 
previously.’ 

Aplasia model. Ìn studies in the model of lethal bone marrow 
aplasia, groups of rats were given an ablative dose of BU, 35 mg/kg 
IP on day 0. If not rescued with syngeneic normal bone marrow, all 
animals died by day 13 with signs and symptoms of bone marrow 
failure.’ In syngeneic transplant experiments, normal femur bone 
marrow cells were incubated at 37°C in RPMI 1640 media with 
15% autologous sera at a concentration of 5 x 10°/mL ata 6-mL vol 
(30 x 10°) in each 25-cm’ Falcon TC flask, with eight flasks per 
point. After incubation for 2 hours, the total supernate with nonad- 
herent cells was aspirated, the cells washed in RPMI media, and the 
total cells were injected IV into a single animal, 8 per group, on day | 
after BU. Similarly, each animal from another group of eight 
received the total adherent cells contained in the flask after removal 
by gentle agitation and scraping with a rubber policeman. Similar 
numbers of control animals received RPMI-1640 cultured media. 
Following injection, each animal was followed with assay of WBC, 
HIA, and HSA. Animals that survived were observed for 100 days 
before being killed. 

Agar assay for CFU-GM. Cell suspensions from normal} rat 
femurs were cultured at a final concentration of 1 x 10° cells in 
quadruplicate 35 x 10-mm Falcon Petri TC dishes in | mL of 0.3% 
Difco-Bacto and Dulbecco’s minimal essential medium (DMEM) 
supplemented with penicillin, streptomycin, glutamine, asparagine, 
and 15% normal rat serum, or replicate sera obtained before, during, 
and after treatment at daily intervals from groups of drug-treated 
rats. Agar cultures were maintained at 37°C in a humidified 
atmosphere containing 7% CO, and scored for number of colonies 
(>40 cells) on day 7. All colonies were removed from each agar plate 
by gentle capillary pipetting, transferred to glass slides, and stained 
with 0.5% orcein, buffered Wright’s stain, and myeloperoxidase to 
evaluate the cell types present in individual colonies. Comparison of 
numbers of colonies in pretreatment sera and in sera throughout 
marrow recovery was made by Student’s ¢ test and the Wilcoxan 
rank sum test. 

Long-term stroma cultures. Split femurs, obtained on day 8 
after rats were treated with a lethal dose of BU, 35 mg/kg, were 
cultured in replicate in 25-cm? Falcon TC flasks with 15% normal 
rat sera and 85% DMEM in conditions similar to the agar assay. 
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with weekiy partial decanting of supernate and refeeding. Super- 
nates were sterilized through a 0.22-um filter and frozen at ~70 °C 
until assay2d simultaneously for DNA synthesis in rat bone marrow 
cells. 

Short-term conditioned media. Replicate femurs harvested at 
2-day intervals from rats treated with CY, 175 mg/kg, were split 
longitudinally with a scalpel and cultured in 5% normal rat sera and 
85% DMEM in 25-em? Falcon TC flasks at 37 °C in 7% CO, at a 
volume of 10 mL. During 3 successive days, four cultures were 
terminated daily, the conditioned supernate (HSA-CM) was steril- 
ized througa a 0.22-um filter, and the cultures were frozen for later 
simultaneous analysis for DNA stimulatory activity in the 18-hour 
scintillation and CFU-c assay. 

Endotoxm screening. All sera and conditioned media used in 
these experiments were determined to be free of endotoxin by the 
limulus amcebocyte lysate assay. 

Spleen cclony assay. CFU-S were assayed by the method of 
Comas and Byrd,” with the modification that assay rats received 
total body ir-adiation at a total of 900 rad split equally at hour 1 and 
hour 6 and Celivered at a dose rate of 116 + 3 rads/minute from a 
*Cs-Gammacell 40 radiation source. 

Stem cell suicide assays. In growth stimulation assays and 
suicide experiments, replicate cultures were established in Dulbec- 
co's minima essential medium (DMEM) at a concentration of 
marrow cells 5 x 10°/mL and incubated for 17 hours with either 
normal sera, HSA, or HIA, [*H]TAR, (85 wCi/mL; specific activity, 
20 Ci/mmol) added for the last | hour of the 18-hour cultures. The 
cultures were then washed three times with cold thymidine solution 
(0.8 mmol/L), washed three times with media, and then each of 
eight replicatz cultures was injected intravenously (IV) in animals 
on day 1 after irradiation. Cells cultured in DMEM with specific 
sera without cuicide drugs and handled similarly served as controls 
in these studies. 

Statistical analysis. Data were analyzed using Student's ¢ test 
to compare control groups with suicide groups, analysis of variance 
to determine ir groups could be combined, SE to evaluate percentage 
of kill by the method of Lord and colleagues’ for the in vitro and in 
vivo CFU-S assays, and the Wilcoxan rank sum test to compare 
DNA synthesis over time. 


RESULTS 


Correlation of bone marrow recovery and humoral factor 
kinetics after drug-induced aplasia. Bone marrow cells 
and sera were obtained sequentially through aplasia and 
recovery from 12 patients with normal hematopoiesis who 
received CY, 120 mg/kg over 48 hours (Fig 1). The LI of the 
granulocyte precursor compartment (myeloblasts, progranu- 
locytes and riyelocytes; proliferative pool, Pro) increased 
significantly in all, with the mean peak LI detected on day 9 
following CY (200% of pretreatment values), then fell to less 
than pretreatment levels (75%) by day 25 at the time of bone 
marrow maturation [metamyelocytes, bands, polymorpho- 
nuclear lymphocytes (PMNs); nonproliferative, NonProl]. 

The growth activity of the Pro paralleled the presence of 
HSA, which achieved peak values of 200% of pretreatment 
sera on day 10, then declined to a nadir on day 20 (50%). 
This decay of HSA and increasing HIA was associated with 
a decrease in bone marrow proliferative activity occurring at 
the time of metamyelocyte differentiation, 5 days before 
granulocyte re ease and 12 days before recovery of normal 
levels of WBC. 

Comparison of hematopoietic recovery and HSA induc- 
tion after drug-induced bone marrow aplasia in three spe- 
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Fig1. The mean WBC count (@-----), LE 4}, and effect of 
sequentially obtained sera on 18-hour normal bone marrow [°H]- 
thymidine ([*H]TdR) incorporation {O---) from 12 patients treated 
with cyclophosphamide (CY), 120 mg/kg. Vertical bars represent 
+ 1 SEM. 


cies. Absolute bone marrow aplasia was induced in three 
species (mouse, rat, human) by a single comparable dose of 
CY, and the temporal relationship of hematopoietic recovery 
and HSA induction was monitored in-each and compared 
(Fig 2). Sequential sera were collected daily from CD,-F, 
mice (30/point) that had received CY 200 mg/kg IP (LD,), 
from LBN rats (9/point) that had been given CY 175 mg/kg 
IP (LD), and sequentially from 20 patients with malignancy 
but with normal bone marrows who had received CY 120 
mg/kg IV on day 0 of therapy. The effect of these serial sera 
on [*H]TAR incorporation into the DNA of autologous bone 
marrow cells was measured in vitro in simultaneous replicate 
cultures, and the results were expressed.as the mean percent- 
age of their respective day 0 control value + ISEM (Fig 2). 
These data demonstrated the temporal relationship of 
bone marrow regeneration and associated peak detection of 





fy 
4 
‘| L i 
g es: : ‘ S r 
| F: 
= p aN t 
: éz F j z 
AS ea , 
a g i “i : H 3 yy 
g% ! qe e+ 
= ‘ r á iN 
$ is & z P 
i a a ¥ z 
— to = : g T k ee 
ot ey See eee eee 
ee ao ey 7 
& i ż - o£ er J 
% s9 : i : i ; a y , 
pa i ag a ar: Af a 
a sr a 
sof y y 
; t 
AR 
Day ao R io ee ge a a 
CY 


Fig 2. Correlation of humoral stimulating activity (HSA) and 
hematopoietic recovery time after cyclophosphamide (CY)- 
induced aplasia in mouse, rat, and human. All animals received 
comparable doses of CY. After an initial fall in activity, HSA 
reached maximum levels on day 3 in mouse (@--), day 6 in rat 
{O} and day 9 in human (BL), then fell to levels below 
pretreatment. These oscillations were the reciprocal of the WBC 
count. 
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HSA and HIA induction following bone marrow aplasia 
induced by a single comparable dose of drug in the three 
species. The ratio was 1:2:3 in mouse, rat, and human, 
respectively. 

Serum mixing experiments. To determine the relative 
growth promoting activity present in the sera, pools of HIA, 
HSA, and normal sera were mixed at various concentrations 
and assayed using normal marrow cells (Fig 3). Normal sera 
at 30% supported growth well, whereas concentrations as low 
as 5% HIA or HSA mixed with normal sera produced a 
significant effect on DNA synthesis. When HIA and HSA 
were mixed in equal proportions, the activity produced 
equaled that of normal sera. The lines were constructed by 
best-fit analysis. 

Correlation of HSA and degree of aplasia, Rats were 
given incremental amounts of drugs to maximally tolerated 
doses: CY, 25 to 200 mg/kg IP: ara-C, 50 to 400 mg/kg 
every § hours x 6 subcutaneously; and BU, 5 to 30 mg/kg IP 
(Fig 4). There was a linear relationship of drug dose and the 
effect of sera obtained on day 6 after each drug on DNA 
synthesis of cultured bone marrow cells. The peak quantity of 
HSA induced related directly to the dose of drug and 
resultant amount of bone marrow depression, 

Source of humoral factors: media conditioned by 
bones. Aliquots of the cell-free conditioned media (CM) 
taken daily for 3 days from the 24-, 48-, and 72-hour cultures 
of split femurs from replicate rats killed at 2-day intervals 
after treatment with CY, 175 mg/kg, demonstrated an effect 
in the DNA scintillation assay that paralleled the measured 
HSA in sera. Day 4 femurs containing early recovery prolif- 
erative phase bone marrow elements, as measured by a rising 
LI and progranulocytic morphology, elaborated factors over 
3 days which promoted DNA synthesis that was 155% 
greater than that of normal bones (Fig 5). Bones harvested 
on day 6 of CY and established in culture produced increas- 
ing amounts of HIA, with subnormal DNA synthesis 
induced by the 72-hour CM. In the experiment carried 
through the period of bone marrow recovery and “hyperma- 
turity,” the media from bones cultured on day 10 at the time 
of WBC recovery and granulocytosis markedly depressed 
DNA synthesis, reflecting the presence of HIA. At the time 
of reestablished bone marrow homeostasis, media condi- 
tioned by femurs from treated animals, which then contained 
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normal marrow elements and cellularity, influenced DNA 
synthesis in a manner similar to that of normal controls. The 
curves of DNA synthesis generated by these CM correlated 
directly with the DNA synthesis induced by the serum 
obtained on day | of each culture set. 

These results demonstrate that femurs obtained during 
aplasia and subsequent recovery elaborate soluble sub- 
stance(s) during 72-hour culture that stimulate and inhibit 
DNA synthesis. Concomitantly, similar humoral activities 
are detected in autologous sera, suggesting that the source of 
these serum factors is likely bone and/or bone marrow cells. 

Stimulatory media conditioned by long-term stromal 
cultures. Stromal cells from marrows of rats lethally 
treated with BU were established in culture (Fig 6). Adher- 
ent cells grew to a confluent monolayer in 2 to 3 weeks and 
supported the growth of increasing numbers of sessile, round 
cell colonies on stalks containing macrophages and mono- 
cytes, CM from replicate flasks cultured with 15% normal 
sera in two experiments stimulated the growth of hemato- 
poietic cells to 120%, 163%, and 147% above normal serum 
on days 7, 14, and 21, respectively. Replicate cultures 
maintained through week 9 continued to condition media to 
stimulatory levels >130% of control media and sera. Cul- 
tures of normal bone marrow adherent cells, with nonadher- 
ent cells removed, stimulated growth of hematopoietic cells 
to 130% of normal by day 14 of culture (Fig 6). 

These data demonstrate the viability of stromal cells after 
in vivo lethal doses of BU, the production of HSA by such 
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Fig 5. The conditioning of media by femurs of cyclophospha- 
mide (CY)-treated rats. Femurs harvested from animais before 
treatment and when recovering from drug-induced aplasia, and 
cultured at 2-day intervals produced conditioned media (@, W) both 
stimulated and inhibited DNA synthesis in a similar fashion to sera 
(O) obtained sequentially from the same rats. Vertical bars are + 1 
SEM. 
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Fig6. Stimulation of hematopoietic cell proliferation by media 
conditioned by stromal cells from busulfan (BU)-treated rats. 
Supernates from stromal cultures were decanted weekly and 
assayed for DNA synthesis stimulation in marrow hematopoietic 
cells (@) and compared with those in simultaneous cultures with- 
out cells {------). Bars ( ¢ } are the SEM of two experiments: A 
indicates the stimulation induced by conditioned media from 
normal bone marrow adherent cells depleted of hematopoietic 
cells, assayed at 2 weeks. Solid line. degree of confluency of the 
growing monolayer of cells; dotted line, cellularity of the epithelial, 
mononuclear, and adipose cell colonies growing as sessile pedun- 
culated pods on the monolayer. 


cells, and the ability of norma! stroma depleted of nonadher- 
ent hematopoietic cells to produce HSA. 

BU model of aplasia. The lethal bone marrow ablation 
induced by >24 mg/kg of BU in the rat and the amelioration 
of that aplasia with infused syngeneic bone marrow cells’ 
provides a useful model to study mechanisms of hemato- 
poietic reconstitution (Fig 7). A series of experiments involv- 
ing bone marrow rescue to relate dose and source of cells with 
restoration of bone marrow function and production of HSA 
and HIA was conducted. In this model of aplastic anemia, 
HSA increases linearly to maximal levels at the time of most 
profound aplasia prior to the death of the anima! from the 
sequelae of bone marrow failure. In the studies reported here, 
250 rats were given BU, 35 mg/kg on day 0. Twenty-four 
hours after BU, each of one-third of the animals received IV 
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Fig 7. Busulfan (BU) model of bone marrow aplasia and 
rescue. Groups of eight animals received BU 35 mg/kg intraperito- 
neally on day O. Four animals in each group were given 30 x 10° 
autologous nonadherent bone marrow cells intravenously on day 1 
(BMRA +): the remainder received media atone (BMR--}. WBCs 
{(A---) and humoral stimulating activity (HSA) (O--—~) of the BMR + 
were contrasted with the WBCs (a---} and HSA (@-—-) of the 
BMR — animalis. All BMR— animals died by day 13, whereas those 
rescued survived and were killed at 100 days. Engraftment of 
donated autologous nonadherent bone marrow celis was asso- 
ciated with a decline in HSA as the bone marrow matured. 
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Fig1. The mean WBC count (@------}), LI (A), and effect of 
sequentially obtained sera on 18-hour normal bone marrow [*H]- 
thymidine ({(°H]TdR) incorporation (O---} from 12 patients treated 
with cyclophosphamide (CY), 120 mg/kg. Vertical bars represent 
+ 1 SEM. 


cies. Absolute bone marrow aplasia was induced in three 
species (mouse, rat, human) by a single comparable dose of 
CY, and the temporal relationship of hematopoietic recovery 
and HSA induction was monitored in each and compared 
(Fig 2). Sequential sera were collected daily from CD-F, 
mice (30/point) that had received CY 300 mg/kg IP (LD), 
from LBN rats (9/point) that had been given CY 175 mg/kg 
IP (LD,), and sequentially from 20 patients with malignancy 
but with normal bone marrows who had received CY 120 
mg/kg IVY on day 0 of therapy. The effect of these serial sera 
on (°H]TdR incorporation into the DNA of autologous bone 
marrow cells was measured in vitro in simultaneous replicate 
cultures, and the results were expressed as the mean percent- 
age of their respective day 0 control value + ISEM (Fig 2). 
These data demonstrated the temporal relationship of 
bone marrow regeneration and associated peak detection of 
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Fig 2. Correlation of humoral stimulating activity (HSA) and 
hematopoietic recovery time after cyclophosphamide (CY)- 
induced aplasia in mouse, rat, and human, All animals received 
comparable doses of CY. After an initial fall in activity, HSA 
reached maximum levels on day 3 in mouse (@--), day 6 in rat 
{O} and day 9 in human (M___), then fell to levels below 
pretreatment. These oscillations were the reciprocal of the WBC 
count. 
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HSA and HIA induction following bone marrow aplasia 
induced by a single comparable dose of drug in the three 
species. The ratio was 1:2:3 in mouse, rat, and human, 
respectively. 

Serum mixing experiments. To determine the relative 
growth promoting activity present in the sera, pools of HIA, 
HSA, and normal sera were mixed at various concentrations 
and assayed using normal marrow cells (Fig 3). Normal sera 
at 30% supported growth well, whereas concentrations as low 
as 5% HIA or HSA mixed with normal sera produced a 
significant effect on DNA synthesis. When HIA and HSA 
were mixed in equal proportions, the activity produced 
equaled that of normal sera. The lines were constructed by 
best-fit analysis. 

Correlation of HSA and degree of aplasia. Rats were 
given incremental amounts of drugs to maximally tolerated 
doses: CY, 25 to 200 mg/kg IP; ara-C, 50 to 400 mg/kg 
every 8 hours x 6 subcutaneously; and BU, 5 to 30 mg/kg IP 
(Fig 4). There was a linear relationship of drug dose and the 
effect of sera obtained on day 6 after each drug on DNA 
synthesis of cultured bone marrow cells. The peak quantity of 
HSA induced related directly to the dose of drug and 
resultant amount of bone marrow depression. 

Source of humeral factors: media conditioned by 
bones. Aliquots of the cell-free conditioned media (CM) 
taken daily for 3 days from the 24-, 48-, and 72-hour cultures 
of split femurs from replicate rats killed at 2-day intervals 
after treatment with CY, 175 mg/kg, demonstrated an effect 
in the DNA scintillation assay that paralleled the measured 
HSA in sera. Day 4 femurs containing early recovery prolif- 
erative phase bone marrow elements, as measured by a rising 
LI and progranulocytic morphology, elaborated factors over 
3 days which promoted DNA synthesis that was 155% 
greater than that of normal bones (Fig 5). Bones harvested 
on day 6 of CY and established in culture produced increas- 
ing amounts of HIA, with subnormal DNA synthesis 
induced by the 72-hour CM. In the experiment carried 
through the period of bone marrow recovery and “hyperma- 
turity,” the media from bones cultured on day 10 at the time 
of WBC recovery and granulocytosis markedly depressed 
DNA synthesis, reflecting the presence of HIA. At the time 
of reestablished bone marrow homeostasis, media condi- 
tioned by femurs from treated animals, which then contained 
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normal marrow elements and cellularity, influenced DNA 
synthesis in a manner similar to that of normal controls. The 
curves of DNA synthesis generated by these CM correlated 
directly with the DNA synthesis induced by the serum 
obtained on day 1 of each culture set. 

These results demonstrate that femurs obtained during 
aplasia and subsequent recovery elaborate soluble sub- 
stance(s) during 72-hour culture that stimulate and inhibit 
DNA synthesis. Concomitantly, similar humoral activities 
are detected in autologous sera, suggesting that the source of 
these serum factors is likely bone and/or bone marrow cells. 

Stimulatory media conditioned by long-term stromal 
cultures. Stromal cells from marrows of rats lethally 
treated with BU were established in culture (Fig 6). Adher- 
ent cells grew to a confluent monolayer in 2 to 3 weeks and 
supported the growth of increasing numbers of sessile, round 
cell colonies on stalks containing macrophages and mono- 
cytes. CM from replicate flasks cultured with 15% normal 
sera in two experiments stimulated the growth of hemato- 
poietic cells to 120%, 163%, and 147% above normal serum 
on days 7, 14, and 21, respectively. Replicate cultures 
maintained through week 9 continued to condition media to 
stimulatory levels > 130% of control media and sera. Cul- 
tures of normal bone marrow adherent cells, with nonadher- 
ent cells removed, stimulated growth of hematopoietic cells 
to 130% of normal by day 14 of culture (Fig 6). 

These data demonstrate the viability of stromal cells after 
in vivo lethal doses of BU, the production of HSA by such 
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Fig 5. The conditioning of media by femurs of cyclophospha- 
mide (CY)-treated rats. Femurs harvested from animais before 
treatment and when recovering from drug-induced aplasia, and 
cultured at 2-day intervals produced conditioned media {@, W) both 
stimulated and inhibited DNA synthesis in a similar fashion to sera 
(O} obtained sequentially from the same rats. Vertical bars are + 1 
SEM. 
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Fig6. Stimulation of hematopoietic cell proliferation by media 
conditioned by stromal cells from busulfan (BU)-treated rats. 
Supernates from stromal cultures were decanted weekly and 
assayed for DNA synthesis stimulation in marrow hematopoietic 
cells (@) ard compared with those in simultaneous cultures with- 
out cells (—----}. Bars (¢ ) are the SEM of two experiments: A 
indicates the stimulation induced by conditioned media from 
normal bome marrow adherent cells depleted of hematopoietic 
cells, assayed at 2 weeks. Solid line, degree of confluency of the 
growing menolayer of cells; dotted line, cellularity of the epithelial, 
mononuclear, and adipose cell colonies growing as sessile pedun- 
culated pocs on the monolayer. 


cells, and the ability of norma! stroma depleted of nonadher- 
ent hematopoietic cells to produce HSA. 

BU model of aplasia. The lethal bone marrow ablation 
induced by >24 mg/kg of BU in the rat and the amelioration 
of that aplasia with infused syngeneic bone marrow cells’ 
provides a useful model to study mechanisms of hemato- 
poietic reconstitution (Fig 7). A series of experiments involv- 
ing bone marrow rescue to relate dose and source of cells with 
restoration of bone marrow function and production of HSA 
and HIA was conducted. In this model of aplastic anemia, 
HSA increases linearly to maximal levels at the time of most 
profound zplasia prior to the death of the animal from the 
sequelae of bone marrow failure. In the studies reported here, 
250 rats were given BU, 35 mg/kg on day 0. Twenty-four 
hours after BU, each of one-third of the animals received IV 
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Fig 7. Busulfan (BU) model of bone marrow aplasia and 
rescue. Groups of eight animals received BU 35 mg/kg intraperito- 
neally on day O. Four animals in each group were given 30 x 10° 
autologous ronadherent bone marrow cells intravenously on day 1 
(BMR +); the remainder received media alone (BMR—}). WBCs 
{4---} and humoral stimulating activity (HSA) (O-—} of the BMR + 
were contrested with the WBCs (a---) and HSA (@—) of the 
BMR — animals. All BMR — animals died by day 13, whereas those 
rescued survived and were killed at 100 days. Engraftment of 
donated autologous nonadherent bone marrow cells was asso- 
ciated with e decline in HSA as the bone marrow matured. 
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Fig 8. Effect of sequential sera obtained before and after 
cytosine arabinoside {ara-C), 200 mg/kg every 8 hours x 6 on 
bone marrow CFU-GM {O-——). The growth is the reciprocal of the 
WBC count (@--~}. Vertical lines are + 1 SEM. 


the total nonadherent autologous nucleated bone marrow 
cells from a single flask of replicate cultures initiated at 30 x 
10° cells (bone marrow rescue, BMR +). Each animal in a 
second group received the total population of adherent cells 
from a single flask after depopulation of the nonadherent 
cells (BMR-—). Each animal in a third group was given 
culture media. All were monitored for fluctuations of WBCs, 
and HSA and HIA were gathered every other day from four 
rats of each group. Granulocyte counts in all animals 
dropped rapidly to 0 by day 7, whereas the number of 
absolute lymphocytes fell to 25% of initial values. 

HSA levels rose gradually in both BMR+ and BMR — 
groups to ranges between 175% and 200% of pretreatment 
values by day 7. The ultimate value prior to death in the 
BMR — group reached 210% on day 13. Net detectable HSA 
in BMR + animals declined by day 9 as the bone marrow 
cellularity increased with all proliferative hematopoietic 
elements present and returned to pretreatment levels at the 
time of WBC recovery. 

Bone marrow aspirates of the animals not given bone 
marrow support (BMR —) demonstrated marked bone mar- 
row hypoplasia by day 7, and all animals were dead with 
hemorrhage and/or infection by day 13. In contrast, the 
WBCs in the BMR + group began to recover by day 10 and 
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reached pretreatment counts by day 12 through 14. The 
cellular differential, primarily lymphocytes in the unper- 
turbed state, now revealed granulocytes (75%) by day 13 
following autologous rescue. These animals rescued from 
bone marrow aplasia survived until killed on day 100. 

Effect of HSA and HIA on CFU-GM. Replicate normal 
LBN-F, rats given ara-C, 200 mg/kg every 8 hours x 6, 
were exsanguinated at intervals; their WBCs were counted, 
and the sera were stored. After WBC recovery from aplasia, 
the collected sera were plated at 15% in agar in replicate 
cultures containing | x 10° bone marrow cells, with cell 
concentrations and media similar to those routinely used in 
the 18-hour [*H]TdR assay of DNA synthesis. Colonies of 
>40 cells visible in four replicate dishes counted on day 7 of 
agar culture were identified as CFU-GM by peroxidase 
staining and morphology with Wright's stain. Pretreatment 
sera supported the growth of 28 + 2 colonies, whereas no 
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colonies were present in sera containing ara-C; 36 + 3 
colonies grew in sera obtained on day 6, and 41+ 3 grew in 
sera of day 9 during the time of bone marrow aplasia and 
early recovery. Only 21 + 2 colonies grew in sera collected at 
the time of WBC recovery and a mature bone marrow (Fig 
8). These counts were within the range of linearity of this 
assay in our laboratory and differed significantly from each 
other (P < .05). Similar results were obtained in two 
subsequent experiments. 

Effect of HSA and HIA on CFU-S. The results of 6 
experiments, 3 with and 3 without [°H]TdR suicide, each 
experiment having 8 recipient rats for each sera in replicate 
cultures, were combined (analysis of variance) (Table 1). 
Normal bone marrow cells were cultured with normal sera, 
HSA, and HIA for 18 hours and were then injected into 
irradiated recipient rats, with quantitation of spleen colonies 
on day 8. In the six studies without a suicide component, 
HSA increased the number of colonies by 50% (Table 1, P = 
001). Most unexpected was the stimulation of spleen colony 
formation by HIA, a reagent previously determined to be 
inhibitory to growth of hematopoietic cells in both the DNA 
scintillation and the CFU-GM assay. This paradoxical stim- 
ulatory action of HIA was confirmed in the [°H]TdR suicide 
experiments. Although the number of CFU-S was not signif- 
icantly reduced by [*H]TdR in either normal or HSA 
cultures (10%), culture with HIA produced a significant 
reduction in total colonies formed (33%, P < .005), demon- 
strating that there had been movement of CFU-S cells into 
cycle in the presence of HIA. 


Table 1. Effect of Humoral Regulators on Growth of Stem Celis 





CFU-S 
Sera CFU-S Norrnat (%!} Control 
NL 18.0 + 2.5* 1O0Ot 19.0+ 1.9 
HSA 26.4 + 1.9 146§ 28.5 + 1.6 
HIA 32.1 +> 2.9 178§ 29.4 + 3.1 


(PH]TdR Suicide 





CFU-S 
Normal {%) {SH]TdR in Cycle (%) 
100 17.0 + 2.1 10.5 + 13.94 
150§ 25.8 + 2.3 9.6 + 9.5 
149§ 19.8 + 3.14 32.7 + 14.1% 


raean 
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[PH]TAR, 3H-thymidine; NL, normal sera; HSA, humoral stimulatory activity; HIA, humoral inhibitory activity. 


*SEM, the mean + SE of 24 assays.”’ 


+Normal (%) represents the mean percentage of normal sera compared using Student's two-tailed t test.’ 


{SEM calculated by the method of Lord and colleagues.” 
§P < .001. 
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DISCUSSION 


Periodicity of hematopoiesis. After drug ablation of 
cells in the proliferative phase of the bone marrow, the 
eventual depletion of the residual mature cells that prevent 
major fluctuation in circulating blood elements results in 
marrow aplasia and pancytopenia. With dissipation of these 
buffers, the oscillating forces that drive marrow reconstitu- 
tion are readily measurable in the blood (Figs | and 2). 

HSA, directly related to the rate of marrow regrowth, 
reaches maximal values at the time of full proliferation of 
regenerating cells. Subsequently, with the enlarging nonpro- 
liferative phase of marrow recovery, HIA becomes the 
dominant humoral regulator. Whether HSA and HIA act 
independently, are a summation of activities both local and 
distant from the bone marrow, are a spillover of excess 
amounts of locally acting forces, or are unrelated to hemato- 
poiesis has been scrutinized. 

These studies using sera as reagents are imprecise at best, 
since cytotoxic agents that induce marrow aplasia in the 
intact animal also damage other growing tissues. During the 
period of cell recovery, it is reasonable to assume that the 
blood contains myriad pleotrophic and tissue-specific growth 
promoters mixed with synergistic proteins, likely multiple, 
that are responsible for the restoration of the cellular 
elements and microenvironment of the bone marrow. We 
lump these combined activities as HSA and HIA, likely 
pluripoietins from multiple sources that reflect the global 
cytotoxic effects of drug and the summation of all regenera- 
tive forces active in the intact animal. The amplitude of HSA 
and HIA relates directly to the dose of drug and the resultant 
degree of aplasia induced, although the regeneration time of 
bone marrow recovery ts unchanged and is species-specific. 

Humoral regulators. Lord and co-workers and Wright 
and colleagues identified distinct local activities in the adher- 
ent layer of cultures of regenerating bone marrow that 
independently stimulate or inhibit hematopoiesis with a 
balanced oscillation,'®'? whereas Frindel and colleagues 
defined the role of diffusible serum factors that regulate 
CFU-S growth and proliferation at a distance from their 
source of production.’ ™™ Complicating the interpretation of 
humoral data is the variable presence in serum of factors 
such as endotoxin'®"" that rapidly stimulate increased syn- 
thesis and release of colony-stimulating activity (CSA) by 
mononuclear cells."* 

Stroma cultures derived from animals with hematopoiesis 
ablated by BU have morphology consistent with that 
described by Dexter and co-workers and Bentley and Foi- 
dart’? but do not produce CFU-C or CFU-S."*! This 
transplanted stroma produces HSA without inhibition (Fig 
6), mimicking HSA kinetics as measured in the BU-treated 
rat unrescued by donated bone marrow (Fig 7). Verification 
that the stroma! cell is the source of HSA comes from other 
laboratories as well.” Cross-reactivity between HSA and 
mouse L cell colony-stimulating factor (CSF) has been 
demonstrated,” and it is likely that HSA is a composite of a 
number of CSFs and other cell- and tissue-specific sub- 
stances. The relative decrease with marrow recovery may 
reflect down-regulation of active sites for CSA and not relate 
to an actual reduction of available stimulating factor.” 
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During recovery from induced aplasia, HSA is balanced 
by HIA, the two producing a curve of equal duration and 
opposite cirection and the reciprocal of the WBC. Bone 
marrow extracts of a short-acting inhibitory activity that 
block the entry of CFU-S into cycle” may be produced by 
bone marrow macrophages.*’”’ Candidates for this function 
are the glycoproteins lactoferrin (LF), transferrin (TF), 
acidic isoferritin (ATF), >” and type E prostaglandins (PGE 
Ip. 

Aplasia model. The BU model of lethal bone marrow 
aplasia serves as a bioassay for the effect of restoration of 
function on net humoral activities by selected infused cell 
populations separated from whole bone marrows (Fig 7). 
Sera obtained sequentially during the period of aplasia have 
increasing amounts of HSA, with peak activity at the time of 
profound aplasia prior to death. Such maximal levels of HSA 
have also Deen detected in patients with idiopathic aplastic 
anemia.” 

Detecta sility of HSA in the BU model is countered by 
rescue of lethally treated rats with nonadherent cells 
obtained from short-term bone marrow cultures. These 
hematopoietic elements produce increasing HIA over time 
following mjection until balanced bone marrow reconstitu- 
tion occurs. In contrast, the infusion of adherent “stromal” 
celis alters neither the maximal level of stimulator nor the 
fatal outcome. HTA is derived from the nonadherent hemato- 
poietic cells, occurs with engraftment and maturation of all 
formed elements of the rescue marrow, and is apparent 
before release of cells into the peripheral blood. 

Effect cn stem cells. The effects of stimulators and 
inhibitors from varied sources on bone marrow precursor cell 
growth ard differentiation have been measured. The 
increased proliferation of CFU-S following treatment of 
mice with phenylhydrazene is accompanied by an increase in 
stimulator and a simultaneous decrease in inhibitor produc- 
tion. The two distinct factors’’? alternately block each 
other's synthesis in response to a signal for more or less 
production from the progenitor cell compartment*®’-——data 
supporting the theory that activities of short-range sub- 
stances cortained in the marrow locally regulate stem cell 
cycle. In contrast, investigating the cause of movement 
away from self-renewal to differentiation to committed stem 
cells, Guignon and colleagues and Sainteny and co-workers 
found that inhibitor production after treatment with ara-C 
channels stem cells into an altered erythroid-granulocytic 
balance“ by factors acting at a distance.’ 

In our progenitor cell cultures, HSA produced increased 
growth of stem cells. In addition, there was unexpected 
stimulation of growth of CFU-S by HIA, a reagent deter- 
mined to be inhibitory to growth of hematopoietic cells in 
both the DNA scintillation and the CFU-GM assay. This 
paradoxical stimulatory action was confirmed in the 
[HITdR suicide experiments, with movement of CFU-S 
cells into cycle. These findings suggest that HIA is short- 
lived and that the HIA-containing sera obtained during bone 
marrow maturation contained maximal HSA as well. HSA is 
effectively blocked for the brief time of the other assay 
systems by the short-acting inhibitory substance in high 
concentration. Constantly available only in vivo, in 18-hour 
cultures unreplenished HIA apparently disappears and HSA 
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acts unopposed. This result supports the concept of a long- 
lived stimulator whose constant presence is buffered and 
neutralized, as in the mixing experiments, by a short-acting 
local but powerful inhibitory factor that increases with 
maturation of hematopoietic elements in the bone marrow. 

The growth effect of stimulators on CFU-S but their 
inconsistent movement into cell cycle! suggests the pres- 
ence of a pool of progenitor cells with a heterogeneous 
response to growth promotion v differentiation or with a 
random availability for growth promotion toward pluripotent 
cells. The [°H]TdR suicide experiments and our clinical 
experience with sequential therapy timed at maximal bone 
marrow regrowth?" offer little evidence for significant 
killing of CFU-S by cytotoxic cell cycle-dependent drugs in 
vitro. Either such drugs have little direct effect on stimulated 
stem cells“ or the site of action of these poietins is a 
differentiated or committed and expendable subset of the 
pluripotent cell population.” 

Hematopoiesis model. The demonstration of a sine wave 
during marrow ablation and recovery is consistent with the 
concept of two long-range regulators of hematopoiesis? 
and with the theory that postulates two distinct local and 
counter-balancing activities within the bone marrow (Fig 
9). HIA fits the category of short-term and short-range 
inhibition, whereas HSA has long-term activity. Both are 
released into the peripheral blood. Although the data of Lord 
and colleagues*** support an ebb and flow of both HSA and 
HIA, with reciprocal activity, our results in the BU model 
with rescue suggest instead the presence of a constant 
stimulator of stromal source countered periodically by a 
short-lived locally acting inhibitor, elaborated by maturing 
hematopoietic elements. That HSA directly stimulates the 
stem cell pool as a long-range regulator is supported by our 
stem cell assays and by evidence from other laboratories as 
well that aplastic animals elaborate long-range humoral 
regulators of stem cell growth.” 

This model of perturbed hematopoiesis (Fig 9) is most 
consistent with data derived from our sequential studies. 
Administration of drug X effectively eliminates all cells in 
the bone marrow that are in cell cycle. As the residual 
mature bone marrow cells decrease, HSA, comprised of a 
number of glycoproteins with CSA capability, increases. 
Emanating from the stroma, unopposed HSA acts on quies- 
cent stem cells which are capable of entering at random 
either a self-renewal mode or differentiation to committed 
progenitors. At maximum levels of HSA on day 8 through 10 
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Fig 9. Model of hematopoiesis. 


after cytotoxic drug, the bone marrow is totally proliferative. 
HSA continues to be produced at a constant amount, but its 
net measurable amplitude decays as HIA, a short-acting but 
powerful inhibitor derived from bone marrow cells in the 
maturing hematopoietic compartment, interacts directly 
with HSA to counter its activity. As the maturation compart- 
ment enlarges and net inhibition ensues, mature elements are 
released into the peripheral blood while access from the stem 
cell pool to the proliferative compartment is quenched. 
Ultimately, after this overshoot, the oscillation is dampened 
by loss of mature cells, and homeostasis is restored. 
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Proplatelets and Stress Platelets 


By M. Tong, P. Seth, and D.G. Fenington 


The process of platelet formation by the fragmentation of 
megakaryocyte pseudopodia, termed proplatelets, demon- 
strable in the marrow sinusoids is poorly understood. 
“Stress” platelets produced under conditions of stimulated 
platelet production differ from normal circulating platelets 
with respect to volume and a number of functional charac- 
teristics. To clarify the relationship of stress platelets to 
proplatelets, rats were injected with heterologous platelet 
antiserum. Nondiscoid platelet forms, some characteristi- 
cally beaded in appearance, strongly resembling bone 


LATELETS PRODUCED during recovery from acute 
thrombocytopenia show a striking increase in mean 
volume’? which under steady state conditions of increased 
production does not depart from a log normal size distribu- 
tion.’ Odell and colleagues* showed the appearance of large 
or “giant” platelets as early as 12 hours after the induction of 
thrombocytopenia well before any increase in the rate of 
platelet production could be expected. Although they are 
undoubtedly young platelets freshly produced by mega- 
karyocytes in response to the acute stress of thrombocytope- 
nia, Caution must be exercised in equating them to normal 
young platelets. Hence, we adopted the term “stress plate- 
lets” to describe those platelets circulating during this period 
of accelerated platelet production. 

A characteristic sequence of events in the bone marrow 
megakaryocytes following the administration of anti-platelet 
serum (APS) has been documented by a number of investi- 
gators. The first recognizable change within 2 to 6 hours in 
rodent bone marrow is the increase in the number of small 
acetylcholinesterase-positive diploid cells.°* This is followed 
in 18 hours of thrombocytopenia by an increase in the 
endomitotic index of the megakaryoblasts and subsequently 
an increase in the total number of immature megakaryo- 
cytes, most prominent at 40 hours.” By 48 hours, there is a 
striking increase in the size of megakaryocytes in the marrow 
smear’; this is associated with an increase in the modal ploidy 
of the megakaryocytes from l6n to 32n that reaches a peak 
at 48 hours but returns to normal by 4 to 5 days.* This 
increase in modal ploidy was also demonstrated by Levin and 
colleagues,” who studied the effect of thrombocytopenia on 
ploidy distribution in megakaryocyte colonies obtained from 
soft agar culture. A significant number of 64n and even 128n 
cells is also present at 48 hours, whereas such cells are not 
readily detectable in the normal megakaryocyte colonies. 
Some investigators have suggested that this change in ploidy 
may determine platelet numbers’? and volume." Although 
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marrow proplatelets, can be recovered in the circulation of 
normal rats. During the early period of recovery from acute 
thrombocytopenia, there was a substantial increase in the 
proportion of these elongated platelets in the citrated 
platelet rich plasma. Exposure to EDTA rendered them 
spherical Circulating proplatelets may contribute signifi- 
cantly to the prompt increase in platelet volume during 
recovery from acute thrombocytopenia at a time prior to 
significant increase in megakaryocyte size and ploidy. 

è 1987 by Grune & Stratton, Inc. 


this coulc be true in the “steady state,” however, it cannot 
account for the early macrothrombocytosis observed by 
Odell anc co-workers* before any increase in endomitosis or 
in ploidy. 

The presence of large intrasinusoidal cytoplasmic pro- 
cesses of megakaryocytes with relatively organelle-free con- 
stricted segments was demonstrated by Becker and de 
Bruyn’ end Radley and Scurfield’? using scanning electron 
microscopy, and these were termed proplatelets by Becker 
and de B-uyn. This led us to speculate that large circulating 
megakaryocyte fragments or proplatelets may contribute to 
the macrothrombocytosis that occurs in situations of altered 
platelet production; in many situations, their presence may 
have beea obscured by the use of EDTA as an anticoagulant 
leading to the sphering of such proplatelet forms. This 
hypothes s has been tested in the rat. 


MATERIALS AND METHODS 


Genera.. Adult Sprague-Dawley rats (250 to 400 g body 
weight) were used. Adult rabbits were immunized with a purified 
whole platelet preparation from rats by subcutaneous injections 
according to the schedule described by Vaitukaitis and co-workers" 
to produce APS. The dosage (150-200 «1/100 g per rat) of the APS 
(RBC- and WBC-absorbed and heat-inactivated) had been titrated 
in each batch to produce ~90%. reduction of pretreatment platelet 
count at 24 hours after intravenous (IY) injection. Ether-anesthe- 
tized rats were injected with the appropriate single dose of APS 
through the jugular vein. Whole blood platelet counts were per- 
formed before and after APS treatment on EDTA-anticoagulated 
blood samples taken from the jugular vein. With 1% ammonium 
oxalate as diluent, a 1:20 dilution was made from the blood sample 
and platelets were enumerated under phase-contrast microscopy ina 
counting chamber. The anesthetized animals were killed by exsan- 
guination at various intervals during a [68-hour period after APS 
treatment. Blood samples were harvested by inferior vena cava 
(1VC) or aortic puncture and were collected into either one of the 
following anticoagulants: ACDE,—-h00 mL of acid-citrated dex- 
trose containing 20 ug/ml of prostaglandin E; (PGE,), pH 6.7, | 
mL. of freshly thawed ACDE, to 5 mL of blood; ar EDTA dipotas- 
sium salt, 1.5 mg/l mL of blood. Platelet-rich plamsa (PRP) was 
prepared by centrifugation, 130 g for 15 minutes at 22°C in a 
swing-out rotor. At this speed, the average platelet recovery in the 
PRP was always >65%, with total RBC and WBC contamination 
<O.1%. 

Platelet volume. Platelet counting and sizing were performed on 
PRP using a Coulter counter model ZF particle counter with a 50 x 
60-umol/L aperture, coupled to a 2,000 channel multichannel 
analyzer. Latex spheres of 1.15- and 2.03-4m diameter were used for 
calibration. No correction was introduced for the departure of 
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platelet shape from that of the reference sphere. Either ACDE, or 
EDTA was used as anticoagulant in the PRP. Final platelet concen- 
tration was adjusted to between 100 and 180 x 10°/L to minimize 
error due to simultaneous passage of multiple platelets through the 
aperture. Mean platelet volume (MPV) was calculated from the 
formula: 


MPV = y(median’/ mode), 


according to Martin and colleagues.'’ Volume measurement was 
routinely carried out | hour after blood collection—-the time taken to 
prepare PRP plus 20 minutes standing at 22 °C, allowing platelets to 
recover in PRP from the trauma of collection. 

Platelet morphelogy. The morphology of platelets was observed 
by phase-contrast microscopy. Differential counts on platelet mor- 
phology in PRP were performed at x 250 magnification with the 
platelets drifting slowly between the coverslip and ordinary glass 
slide. The number of platelets counted in each sample ranged from 
1,700 to 2,400 in normal rats to 200 to 900 in APS-treated rats. 

Platelets were classified into the following forms: (a) discoid; (b) 
elongated——length greater than three times the width; (c) beaded 
forms-—showing two or three well-formed cytoplasmic masses sepa- 
rated by constriction bands or slender cytoplasmic threads; and (d) 
strings-—-very long platelet processes, showing more than three beads 
and frequently folding upon themselves due to their excessive 
length. 

For electron microscopy, PGE, at a dose of 0.5 ug was injected 
into the jugular vein of ether-anesthetized rats prior to blood 
harvesting, PRP was prepared from vena cava blood collected into 
syringes loaded with ACDE, and glutaraldehyde (final 0.1%) for 
prefixation. Platelet buttons were further fixed in 3% glutaraldehyde 
in 0.1 mol/L of sodium cacodylate buffer and postfixed in 1% 
osmium tetroxide, dehydrated in graded acetone, and then embed- 
ded in Spurr’s resin. Sections were stained with uranyl acetate and 
lead citrate. 

For scanning electron microscopy, nucleopore membrane filters 
(pore size 0.6-um diameter) were used to filter the prefixed platelets 
from the PRP. The platelet-containing filter was then fixed in 
osmium and dehydrated in graded ethanol in the usual manner. It 
was then subjected to critical point drying by CO, and mounted on to 
stubs for gold coating. Statistical analysis was carried out by 
Student's ¢ test unless otherwise specified. 


RESULTS 


Platelet counts. Figure | shows that at 24 hours after 
APS injection, the whole blood platelet count had dropped to 
12.6% + 5.5% of the pretreatment value. Thereafter, the 
platelet count began to rise, being significantly above normal 
by day 4 and then returning to normal. 

Mean platelet volume (MPV). Figure 2 shows that MPV 
measured in PRP anticoagulated with ACDE, was signifi- 
cantly increased for the first three days after APS treatment. 
On day 4 (96 hours) post-APS, when the rebound thrombo- 
cytosis was taking place, MPV was not significantly different 
from normal. The MPV correlated inversely with the degree 
of thrombocytopenia when the latter was expressed as a 
percentage of pretreatment platelet count ( P < .O1, n = 25, 
r = 5560, correlation coefficient and linear regression). 

Morphology. Platelets in PRP (ACDE,) were classified 
into different morphological forms by phase-contrast micros- 
copy; their distribution is shown in Table 1. It is assumed 
that the nondiscoid platelets represent different morphologi- 
cal forms of proplatelets and their fragments. Pseudopod 
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Fig 1. Platelet counts at intervals after anti-piatelet serum 
(APS) injection. Numbers indicate number of rats per point. Values 
were significantly different from control: *P < .001. 


formation and other evidence of platelet activation was 
minimal. Prefixation of blood drawn into syringes containing 
0.1% glutaraldehyde did not significantly affect the mor- 
phology of platelets. Approximately equal proportions of 
proplatelets were present in IVC and aortic blood of both 
normal or APS-treated rats (0.3 > P > .2). The proportion of 
proplatelets in the venous and the aortic circulation was 
significantly increased 2 to 3 times at 24 hours after APS 
treatment (venous P < .O1; aortic P < .001). In general, 
proplatelets produced at this time cope to be longer, 
were more frequently beaded, and showed a larger number of 
beads per fragment than that seen in normal animals (Fig 3). 
All platelets collected into EDTA were spherical and did not 
display the morphology of proplatelets (Fig 4). This is 
presumed to be due to the sphering effect of EDTA, although 
fragmentation of some very long proplatelets into smaller 
spherical forms cannot be excluded. Citrated platelets are 
apparently protected from the sphering effect of EDTA, 
since their subsequent exposure up toa final concentration of 
10 mg/mL of EDTA for 30 minutes did not change their 
morphology perceptibly. These circulating elongated nondis- 
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serum [APS} injection. Numbers indicate number of rats per point. 
Data were collected from more than ten experiencers: Values 
were significantly different from control: *P < .05, **P < OGI 
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Table 1. Classification of Platelet Morphology by Phase-Contrast Microscopy in ACDE, Anticoagulant 








Normal, IVC Normal, Aortic 24 Hours After APS* 24 Hours After APS} 

Platelets in = 6) in = 6) (IVC n = 6) (Aortic n = 7) 

Discoid 93.86 + 1.98 94.50 + 2.95 81.75 + 6.67 83.43 + 3.41 

Elongated 4.96 + 1.51 3.60 + 2.43 14.33 + 4.52 10.57 + 1.69 

Beaded 0.63 + 0.27 1.15 + 0.59 2.10 + 0.97 4.64 + 2.64 

String 0.7 + 0.24 0.88 + 0.77 1.87 + 2.28 1.55 + 0.39 
Sum of nondiscoid forms 

(proplatelets) 6.28 + 1.65 5.63 + 3.00 18.30 + 6.78 16.62 + 3.45 





ACDE,, acid-citrated dextrose; IVC, inferior vena cava; APS, anti-platelet serum. 

Percentage of platelets in platelet-rich plasma, mean + SD. 

At 24 hours after APS, the whole blood platelet counts were *9.5 + 4.3% (x + SD) and ¢8.0 + 2.4% of the pretreatment platelet counts, 
respectively. There was no significant difference in the content of nondiscoid platelets between the above two blood circulations in either group of rats. 
The increase in beaded and string forms after APS treatment in either circulation did not reach statistical significance. 


coid proplatelet forms are also readily demonstrable by DISCUSSION 
transmission electron microscopy (Fig 5). Characteristic 
bundles of microtubules were seen, as described by Behnke"® It is now widely accepted that the megakaryocyte pseudo- 


in megakaryocyte pseudopodia and by Radley and Scur- podia, first described by Wright” in 1910 and subsequently 
field'* in proplatelets, running parallel to the long axis in the recognized on phase contrast by Thiery and Bessis” and on 
elongated proplatelets. Scanning electron microscopy also electron microscopy by Behnke,'* actually penetrate the 
confirmed the presence of these elongated proplatelets substance of endothelial cells to reach the marrow sinu- 


among discoid platelets in the APS-treated rats (Fig 6). soid'*'*?!"?? and that platelets are not produced by direct 
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Fig3. Phase-contrast micrographs of platelet-rich plasma anticoagulated with acid-citrated dextrose (ACDE,) in (A) normal rats; and 
(B) in treated rats 24 hours after anti-platelet serum. In the latter, the numerous nondiscoid elongated forms and those showing 
constriction bands are collectively referred to as proplatelets. Examples of different platelet morphology are indicated: d, discoid platelet; 
e, elongated form: b. beaded form: s, string form. 
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Fig 4. Phase-contrast micrography of platelet- 
rich plasma anticoagulated with EDTA in (A) normal 
rats; and (B) in treated rats 24 hours after anti- 
platelet serum. All platelets are spherical, and pro- 
platelet forms are conspicuously absent. 


shedding from megakaryocyte cytoplasm extravascularly 
within the bone marrow. The thrombopoietic megakaryo- 
cytes described by Paulus™ in collagenase-digested marrow 
suspension are highly irregular in shape with multiple cyto- 
plasmic extensions. By scanning electron microscopy, these 
long projections of megakaryocytes can be demonstrated in 
the marrow sinusoids'*'> and were termed proplatelets by 
Becker and de Bruyn."* The parasinusoidal position of mega- 
karyocytes in the bone marrow” and their extensive internal 
demarcation membrane system, thought to act as a reservoir 
of surface membrane,” are likely to facilitate this process of 
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pseudopod or proplatelet production. The actual mechanism 
of intraendothelial penetration and segment detachment in 
the sinusoid is not known. Speculation is focused at the 
possibility of cytoplasmic gel-sol transformation” made pos- 
sible by the fluid nature of the demarcation membrane 
system through fusion—fission reorganization and its capac- 
ity for both evagination and invagination.” 

As the proplatelet processes first enter the sinusoids, they 
appear as villi containing longitudinally aligned muicrotu- 
bules and microfilaments.'* Similar pseudopod formation by 
megakaryocytes can be demonstrated in short-term in vitro 


Fig 5. Transmission elec- 
tron micrographs of acid- 
citrated dextrose (ACDE,) 
anticoagulated platelet prepa- 
rations in (A) normal rats; and 
(B) in treated rats 24 hours 
after anti-platelet serum. In the 
latter, a very long proplatelet 
with constriction bands is 
shown with its bundles of 
microtubules running longitudi- 
nally (1). 





Fig6. Scanning electron micrograph of platelets in (A) normal 
rats; and (B) in treated rats 24 hours after anti-platelet serum, 
showing the distinct contrast between discoid and elongated 
proplatelet forms ('). Other nondiscoid and tear drop forms (T) are 
also present (filter pore diameter 0.6 um). 


cultures; by disassembling microtubules in vitro with vincris- 
tine or cold, the whole process of ribbon-like proplatelet 
formation can be reversed, indicating the importance of 
tubule structures in this process of proplatelet formation.” 
Recently, this process was recorded by time-lapse cinemi- 
crography by Haller and Radley” on short-term culture of 
mouse megakaryocytes. The putative platelets in the chain of 
proplatelets exhibited some features common to circulating 
discoid platelets. These included flattening onto a glass 
surface and fine pseudopod formation comparable to that 
seen when platelets form. Rupture of the chains and release 
of platelets was not observed under in vitro conditions by 
these investigators, however, who postulated that individual 
platelets “bud off” from the proplatelets. 

Using ACDE, as an anticoagulant, we described the 
presence of proplatelets in IVC and aortic blood of normal 
rats. These are not seen when EDTA is used as anticoagu- 
lant. Their features strongly resemble those of megakaryo- 
cylic proplatelet processes observed on scanning electron 
microscopy in marrow sinusoids. The circulating string 
forms represent proplatelet chains which would be expected 
to fragment further into shorter beaded forms. The smaller 
elongated forms may represent putative platelets that wait to 
be organized into discoid forms with the characteristic 
marginal microtubular bundles. During recovery from acute 
thrombocytopenia, the relative frequency of proplatelets and 
their nondiscoid fragments was increased threefold in the 
circulation; these included long segments with branches (Fig 
7). Constrictions along the cytoplasmic processes are pre- 
sumed to be the sites of future separation; hence, their 
distribution would dictate the platelet number and size to be 
produced. This hypothesis could be further tested by mea- 
surements of the distance between these constrictions in the 
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Fig 7. Phase-contrast micrograph of a branching proplatelet 
surrounded by a number of intact and fragmented RBCs together 
with variows contaminant particles. What determines the number 
and location of the constrictions (1) in the proplatelet is not clear. 


proplatelets of normal and acutely thrombocytopenic rats 
and comparison with the relative platelet volumes in these 
two situations. We propose that proplatelet chains break into 
fragments of lesser length at their narrowest, and presum- 
ably weakest, constriction sites rather than freeing individual 
platelets in a sequential manner from their distal ends. Such 
fragmentation may well occur within the microcirculation 
when preplatelets are caught astride bifurcating vessels. 
Subsequently, these circulating proplatelets must undergo 
internal reorganization into discoid platelets, presumably 
while “tumbling” in flowing blood or by some other mecha- 
nisms, because this change has not been observed in vitro.” 
Precisely how the lengthwise running microtubules of pro- 
platelets rearrange themselves into the characteristic cir- 
cumferential marginal microtubules of the discoid platelets 
remains to be determined. 

Observations of circulating megakaryocytes” and pulmo- 
nary megakaryocytes” both originating from the transmural 
migration of whole megakaryocytes through the walls of the 
bone marrow sinusoid? have been suggested as support for 
the notior of pulmonary platelet production.** ™ We failed to 
show any significant difference in proplatelet concentration 
between the venous and aortic circulation in both normal and 
APS-treated rats. The fact that bare nuclei of megakaryo- 
cytes are seen in bone marrow'*"* indicates that shedding of 
cytoplasm with production of proplatelets in marrow sinu- 
soids must occur, as described by Becker and de Bruyn," and 
Scurfield and Radley.” Our demonstration of free proplate- 
lets in central venous circulation strongly reinforces this 
view. Twenty percent to 50% of mature megakaryocytes have 
been claimed to pass to the lung from the marrow.” We 
assume that proplatelets are also released by these cells into 
the pulmonary venous circulation. The relative contribution 
of bone marrow and lung in platelet production has yet to be 
determined accurately. 

This study demonstrated that beaded proplatelets repre- 
senting fragments of megakaryocyte pseudopodia released 


PROPLATELETS AND STRESS PLATELETS 


from marrow sinusoid can be recovered in the normal 
circulation. The proportion of these circulating proplatelets 
increased approximately threefold 24 hours after the induc- 
tion of acute thrombocytopenia at a time prior to any 
significant increase in megakaryocyte size, ploidy, and num- 
ber." During this recovery period, the proplatelets were 
visibly longer and more often beaded. These changes pre- 
sumably resulted from accelerated proplatelet release from 
mature granular megakaryocytes in response to the thrombo- 
cytopenic stimulus. If proplatelet volume is four times 
greater than normal MPV, the increase in MPV observed at 
24 hours could be entirely accounted for by the presence of 
>16% of proplatelets. The clear relationship between MPV 
and platelet count in the steady state observed by Levin and 
Bessman”’ and Giles” suggests, however, that fragmentation 
of proplatelets may give rise to discoid platelets of varying 
MPV depending on the circulating platelet count. 
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The morphology of these proplatelets is strikingly 
influenced by the anticoagulants used. Disassembly of their 
microtubules removes their elongated form even before 
release from megakaryocytes.” Like normal platelets, they 
are sphered by EDTA (Fig 4). Macrothrombocytes 
appearing in idiopathic thrombocytopenic purpura (TTP) or 
other clinical conditions associated with altered platelet 
production such as myeloproliferative disorders may include 
a significant number of proplatelets sphered by EDTA prior 
to preparation of blood smears. The megathrombocyte of the 
peripheral blood film” therefore may be either a sphered 
“young” proplatelet or the “large” end of the log-normal 
distribution. 
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Antibodies to Granulocyte Precursors in Selective Myeloid Hypoplasia and Other 
Suspected Autoimmune Neutropenias: Use of HL-60 Cells as Targets 


By Mark S. Currie, J. Brice Weinberg, Pradip K. Rustagi, and Gerald L. Logue 


Patients with syndromes of autoantibody-mediated hema- 
tocytopenias may manifest signs of increased cell destruc- 
tion and/or decreased cell production, depending on the 
maturity of the target cell and the effects of antibody 
binding. The purpose of this study was to use a cultured 
human cell line of hematopoietic origin for in vitro assays of 
antibody binding to overcome the relative inaccessibility of 
natural human marrow progenitor cells. This report 
describes the detection, using radioiodinated staphylococ- 
cal protein A (SPA), of antibodies binding to a human 
promyelocytic cell line (HL-60) in sera from three patients 
with chronic idiopathic granulocytic hypoplasia (“pure 
white cell aplasia,” PWCA) and 22 patients with other 
syndromes of suspected immune neutropenia. Bone mar- 
row from patients with increased IgG binding to HL-60 cells 
showed <15% granulocytic lineage cellularity in 11 of 17 
cases. In vitro differentiation of HL-60 cells by retinoic acid 
resulted in increased IgG binding for sera that had shown 


NTIBODIES that bind to mature blood elements and 

their marrow progenitors have been detected in 
immune cytopenias affecting RBCs, platelets and neutro- 
phils. Although assays for antibody binding to peripheral 
blood cells have been available for many years,’ the detection 
of serum antibodies to early marrow precursors has depended 
primarily on use of in vitro clonogenic assays of marrow 


progenitor cells.” In the present study, we demonstrate the: 


use of a human myeloid cell line (HL-60) to detect antibodies 
to granulocyte precursors in syndromes of immune neutrope- 
nia. The pathophysiologic significance of antibodies so 
detected is implied, in part, by clinical correlation of their 
presence with bone marrow myeloid hypoplasia. 


MATERIALS AND METHODS 


Cases. Patient | is a 69-year-old white man first noted to be 
neutropenic in early 1982. All hematologic values and serum chemis- 
tries were in the normal range except for the granulocyte count 
(300/uL). Assays for rheumatoid factor, antinuclear antibodies, and 
VDRL were negative. Bone marrow biopsies show a cellularity of 
20% with erythroid predominance (M/E ratio of 1:4) and no mature 
granulocytes. Wright's stain of the marrow aspirate showed no 
granulocyte precursors beyond the late promyelocyte or early myelo- 
cyte stage. Average hematologic values from 1982 through 1985 are 
shown in Tzble 1. Physical exam showed no organomegaly and was 
remarkable only for ulatrophia. The patient has remained in excel- 
lent health except for one hospitalization, during which intravenous 
(IV) antibiotics were administered for an acute febrile episode 
without identified source of infection. He has also received penicillin 
VK (3 to 4 days every 2 to 6 months) for aphthous mouth ulcers or 
fever without identified source of infection. He takes no other 
medications and has no complaints other than occasional fatigue, 
and no other significant health problems have been identified. 

Patient 2 is a 66-year-old black man who has been followed for 
neutropenia since 1982. Normal complete bloed counts were docu- 
mented in 1974 and 1976. In 1977, his hemoglobin, hematocrit, and 
platelet count were normal, but there were 1,200 granulocvtes/uL 
and, in early 1982, 650 granulocytes and 100 monocytes/uL were 
recorded. Ower the past 2 years, mean absolute granulocyte count 
has been 2/0/uL (Table 1). Radionuclide scan of the liver and 
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increased IgG binding to mature granulocytes but not 
undifferentiated HL-60 cells; in contrast, for sera with 
antibodies to untreated HL-60 cells and for normal serum, 
in vitro differentiation had little effect on IgG binding. 
Antibodies eluted from mature granulocytes were similar 
to the parent serum regarding the ratio of IgG binding to 
mature cells v HL-60 cells. No sera from 19 patients with 
febrile transfusion reactions showed increased IgG bir ing 
to HL-60 cells in the absence of increased IgG binding to 
mature granulocytes, although two sera had antibodies to 
both cell types. The use of HL-60 cells as targets may 
permit measurement of serum antibodies associated with 
granulocytic hypoplasia. in combination with assays to 
detect antibody binding to mature granulocytes, these 
techniques may discriminate among autoantibody specifici- 
ties for antigens that are gained, conserved, or lost during 
myeloid maturation. 

® 1987 by Grune & Stratton, Inc. 


spleen was norma!. Flow cytometric immunofluorescence analysis of 
peripheral blood lymphocytes to assess markers for B cells, helper, 
suppressor and total T cells, and natural killer cells showed no 
abnormalities. Serum protein electrophoresis showed a polyclonal 
increase in y globulins to 20 mg/mL. At a 1:160 dilution, antinu- 
clear antibodies with a speckled pattern were detected by indirect 
immunofluorescence using HEp-2 cell monolayer as substrate. 
Neither rheumatoid factors nor anti-DNA antibodies were detected, 
Bone marrow biopsies demonstrated a cellularity of 20% to 30% with 
erythroid predominance (M/E ratio of 1:10). Rare granulocytic cells 
beyond the myelocyte stage were present, and there were focal 
lymphoid aggregates with benign morphology. Bone marrow biop- 
sies in 1982 and 1983 were both interpreted as “marked granulocytic 
hypoplasia.” Complete blood counts on three first-degree and two 


nang) yay aaaranpameruarenres deren thier Sots rien ran Siti tof AA AMARA AA Cane np le nico paa a nen a aa aaa aaa amam 


From the Divisions of Geriatrics and Hematolagy/Oncology. 
Durham Veterans Administration Medical Center, Department of 
Medicine, Duke University, NC; and the Division of Hematology/ 
Oncology, Buffalo General Hospital, Department of Medicine, 
State University of New York. 

Submitted April 2}, 1986, accepted September 8, 1986. 

Supported by VA Medical Research, the Durham VA Geriatric 
Research Education and Clinical Center, and Duke University 
Department of Medicine, the Ralph Hochstetter Medical Research 
Fund in honor of Dr Henry C. and Bertha H. Buswell of the 
University at Buffalo, the Margaret Duffy and Robert Cameron 
Troup Memorial Fund for Cancer Research of the Buffalo General 
Hospital, the James Swiger Hematology Research Fund, and 
grants No. R10-AM31895-02, and CA-11265 from the National 
Institutes of Health, Bethesda, MD. 

Parts of this work were presented at the American Society of 
Hematology national meeting, New Orleans, December 1985. 

Address reprint requests to Dr Mark S. Currie, Geriatric 
Research, Education and Clinical Center, Durham Veterans 
Administration Medical Center, Durham, NC 27705. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. & 1734 solely to 
indicate this fact. 

©1987 by Grune & Stratton, Inc. 

0006-4971 /87/6902-00243$3.00/0 


529 


530 


CURRIE ET AL 


Table 1. Mean Hematologic Vaiues for Three Patients With Selective Granulocytic Hypoplasia 
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Total 
Parameters Leukocytes * Neutrophils * Monocytes * Lymphocytes * Platelets * Hemogiabint 
Patient 1 2,600 230 560 1,600 219,000 14.4 
Patent 2 1,200 210 140 780 218,000 10.6 
Patient 3 2,800 900 600 1,200 182,000 12.7 


pasanan minnan 





Mean values were calculated from the results of 10 to 12 complete blood counts obtained on each patient at one- to six-month intervals between 


January 1982 and January 1986. 
*Results are expressed as celis per microliter of whoie blood. 
+Hemoglobin is expressed as g/ 100 mL. of whole blood. 


second-degree relatives showed each to have a WBC count > 5,000/ 
ul. The patient was admitted to the Durham VA in March 1985 
with fever, pain, and erythema of the right flank. Despite prompt 
institution of antibiotics appropriate to the Staphylococcus aureus 
subsequently cultured, the area progressed to abscess formation 
requiring surgical drainage. The patient has been on various 8- 
blocker drugs since 1974 for idiopathic hypertrophic subaortic 
stenosis. He has also been treated at different times with digitoxin, 
quinidine, hydrochlorathiazide, and nitrates, but neither institution 
nor discontinuation of any of these drugs has been associated with a 
change in neutrophil counts. 

Patient 3 is a 61-year-old black man followed since 1972 for mild 
depressive reactions and varicose leg veins. A normal WBC count 
was documented in 1957, In mid-1982, routine blood counts revealed 
neutropenia and he was referred for further evaluation. At that time, 
his WBC count was 2,500/uL, of which 600 were neutrophilic 
granulocytes. His complete blood counts have remained remarkably 
stable, with mean hemoglobin of 12.7 g/dL, WBC count of 2,800/ 
uL, granulocytes 900 uL, and monocytes 600/L (Table |). Bone 
marrow biopsy showed a cellularity of ~30% with erythroid predom- 
inance (M/E ratio of 1:4) with few mature granulocytes. He has 
been on no medications for several years and has suffered no unusual 
infections. None of the three patients has been transfused. 

Buffers. The buffers used were: Veronal-buffered saline, pH 7.5 
(VBS); VBS with 0.15 mmol/L of Ca’* and 0.5 mmol/L of Mg** 
(VBSM); VBS with 0.1 mmol/L of EDTA (VBSE), VBS with 5% 
fetal bovine serum (FBS), (VBSF); Alsever’s (acid-citrate- 
dextrose}; Alsever’s with 5% dextran (ACDD); phosphate-buffered 
isotonic saline with 2% paraformaldehyde (PFS); and VBS made 
20% dimethylsulfoxide (VBSD). 

Cells. Granulocytes were obtained from healthy volunteers with 
group O blood type. Venous blood was drawn into a heparinized 
syringe (10 U/mL of blood), diluted 9:1 with ACDD, and sedi- 
mented at 1 g for | hour at ambient temperature (RT). Granulocytes 
were separated from RBCs, lymphocytes, platelets, and plasma by 
centrifugation through a double layer of Ficoll-sodium diatrizoate 
mixtures with specific gravities of 1.077 and 1.120 as previously 
described.’ Granulocytes were collected from the 1.077/1.120 inter- 
face, washed twice in ACD, resuspended in ACD, and mixed with an 
equal volume of PFS. After incubation for 10 minutes at RT, the 
paraformaldehyde-fixed granulocytes (PFGs) were washed twice in 
VBS, resuspended in VBSD, and frozen at -70°C. Immediately 
before use, PFGs were thawed, washed in VBSM, and adjusted to a 
concentration of 20 to 30 x 10°/mL. All washing was by centrifuga- 
tion in 10 mL of buffer at 300 g for 10 minutes at RT. Thawed PFG 
preparations demonstrated >95% intact granulocyte morphology on 
Wright’s-stained preparations. The HL-60 (human promyelocytic 
leukemia) cell line was from the American Tissue Culture collection. 
The cells used in differentiation experiments were from passage 
numbers 28 through 40. Cells were passed 2 to 3 times a week in 
RPMI 1640 with 10% FBS at 2 to 4 x 10° cells/mL. Cells used in 
initial IgG binding assays were harvested during log-phase growth, 


washed in ACD, fixed, stored, and assayed like PFG. Freshly fixed 
HL-60 celis that had not been frozen were used for complement 
fixation assays. Leukemic myeioblasts and promyelocytes were 
obtained from the WBC-rich plasma of a patient with acute 
myelogenous leukemia, with a total WBC count »>100,000/uL., of 
which 50% were promyelocytes and 50% were myeloblasts by 
Wright's sain morphology consistent with French-American-Brit- 
ish (FAB) classification M2. These cells were also fixed, stored, and 
assayed in che same manner. 

To study the effect of differentiation on IgG binding, cells were 
grown for 5 to 7 days concurrently under three conditions* (a) in 
RPMI 1640 with 10% FBS alone (control), (b) in the same media 
with | wmol/L of 13-cis-retinote acid, or (c) with 1.2% (wt/vol) 
dimethylsulfoxide. Cells were harvested, counted, assayed for viabil- 
ity by trypan blue exclusion, and assayed for capacity to reduce 
nitroblue tetrazolium in the presence of 200 nmol/L of phorbol 
myristate ccetate,* or washed in ACD, fixed in paraformaldehyde, 
stored, anc. assayed in the same manner as PFGs and log-phase 
HL-60 celis. Granulocytes and log-phase HL-60 cells routinely 
demonstrated >90% viability prior to fixation. Viability was as low 
as 72% for cells cultured 7 days but was unaffected by the presence 
or absence of retinoic acid or dimethylsulfoxide (DMSO). 

Sera. Sera were obtained, conforming to policies of Duke and 
Durham VA human subjects committees from normal donors, 
multiply transfused patients, and patients with suspected immune 
neutropenia (granulocytes <2,000/uL). Whole blood was clotted at 
room temperature, and the serum was removed and divided into 
0.3-mi aliquots that were frozen at — 70°C. For | year, ~200 sera 
were tested for evidence of antigranulocyte antibodies. All were 
tested for IgG binding to PFG as described below, and approxi- 
mately one-fourth were also tested for IgG binding to HL-60 cells 
either because tests of IgG or IgM binding or C3 fixation to PFG 
were positie or because immune etiology was strongly suspected 
and/or clirical information (eg, chronicity, bone marrow findings) 
was sufficient to warrant further study. The patients’ sera reported 
here are those that were “positive” (defined as more than two times 
normal IgG binding to PFG or HL-60 cells), and for which clinical 
information regarding drug use and associated disorders was 
known. 

Eluates. PFG sensitized in undiluted serum were washed three 
times in VBS and resuspended in VBSE, and bound antibody was 
eluted in a fivefold volume of 1 mol/L of NaCl, 0.1 mol/L of citric 
acid pH 2.4 for 10 minutes at 4 °C, After centrifugation at 2,000 g 
for | minute, the supernatant was removed and neutralized to pH 7.2 
with 0.1 mol/L of NaOH. The eluate was then diluted to isotonicity 
(ratio of starting serum to final eluate volume was 1:20).° 

Antibody testing. Radioiodinated SPA was used to quantitate 
granulocyte binding IgG.°°’ The target cells were incubated in a 
dilution of test serum (1:20 in VBSM unless otherwise specified) for 
20 minutes at RT followed by 10 minutes at 37 °C. After incubation, 
the cells were washed three times in VBSF and resuspended in 0.2 
mL of VBS-F, and 0.05-mL aliquots were incubated in triplicate with 
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5 ng of radioiodinated SPA (labeled by Bolton Hunter reagent to 
specific activity of 30 to 40 mCi/mg by Amersham) in 0.05 mL of 
VBS for 30 minutes at RT, layered over 0.1 mL of a 6:5 mixture of 
n-butyl and bis-hexy! phthalate oils. The remaining cell suspension 
was reserved for duplicate cell counts using a Coulter DN2. The cells 
were washed by centrifugation through the oil in a Beckman 
Microfuge B for 3 minutes, thus separating cell-bound from 
unbound SPA. The microfuge tubes were clamped beneath the 
aqueous oil interface, the tips were cut off, and the y emissions were 
measured in a Beckman Gamma 4000. IgG bound is expressed for 
purposes of comparison as femtograms (fg) of SPA per cell. IgM 
binding was measured in the same way, except that radioiodinated 
monoclonal anti-human IgM (Boehringer-Mannheim) at 3 g/mL 
was substituted for SPA and 25 ug of IgG (purified by ion-exchange 
chromatography from the serum of a patient with IgG multiple 


myeloma) was included to lower background binding of the radiola- 


beled antibody. The ability of sera to cause C3 fixation to PFG and 
HL-60 cells was measured in an assay similar to one we previously 
described.’ In this assay, the cells are incubated with test serum 
diluted 1:20 in VBSM for 15 minutes at RT, washed, and then 
resuspended in freshly thawed type AB serum at a final dilution of 
1:10 in VBSM. The 37°C incubation, washing, and radioligand 
binding steps are otherwise the same, except that radioiodinated 
monoclonal antihuman C3c (Bethesda Research Laboratories) at 6 
ug/mL is used for the final incubation. Assays of IgG and IgM 
binding to the washed cells that had been incubated with test serum 
plus the 2.5-fold excess of normal serum used as complement source 
gave very similar results to those for cells incubated in test serum 
alone. This suggests that increased antibody binding was due to 
specific antibody in test sera and that increased amounts of nonspe- 
cific antibody in the initial incubation did not affect results for this 
assay system. Other cell types including RBCs, lymphocytes, plate- 
lets, and paraformaldehyde-fixed blasts and promyelocytes (50% 
each) from a patient with acute myelogenous leukemia (FAB 
classification M2} were substituted in the above assays in some 
experiments. All cells except RBCs had been fixed in 1% paraform- 
aldehyde for the assays reported. 


RESULTS 


Sera from the three described patients with selective 
myeloid hypoplasia bound significantly more IgG to HL-60 
cells than did control sera (P < 0.01), whereas IgG binding 
to PFGs was not significantly different, {P > .1; Table 2). 
Thus, these neutropenic patients who did not have detectable 
serum antibodies to mature granulocytes, did have antibod- 


Table 2. IgG Binding to Granulocytes and HL-60 Cells 


for Normal and PWCA Sera 
fg SPA/Cell 
Sera PFGs HL-60 
Normal in = 9} 0.32 + 0.10 0.24 + 0.09 
Patient 1 0.26 + 0.08 0.75 + 0.11 
Patient 2 0.34 + 0.14 0.69 + 0.09 
Patient 3 0.44 + 0.06 0.93 + 0.15 


PWCA, pure white cell aplasia; SPA, staphylococcal protein A; PFGs, 
paraformaldehyde-fixed-granulocytes. 

Patient sera were tested for igG binding to each cell type on at least 
three occasions as described. Normal sera were included in each assay. 
The mean + SD femtograms of SPA bound per cell is given for each 
patient and the group of nine normal sera. For HL-60 cells. patient results 
are significantly greater than normal {P < .01 by Student's t test). 
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ies to an immature myeloid cell associated with a marked 
reduction of bone marrow granulocyte precursors. 

When sera from other patients with suspected immune 
neutropenia were tested, > 20 had increased IgG binding to 
either HL-60 cells alone or to both HL-60 cells and mature 
granulocytes. IgG binding to PFG and HL-60 cells, quanti- 
tated as fg SPA/cell is plotted for normal and positive 
patient sera in Fig 1. A positive result was arbitrarily defined 
as greater than two times the mean value for normal serum. 
As depicted in Fig l, patient groups could be divided into 
those whose sera showed increased IgG binding to PFG only 
(group |), both PFG and HL-60 cells (group lH), or HL-60 
cells only, as found for the three patients above (group IH). 
Table 3 lists the bone marrow findings and the major 
associated drug or disease for the patients whose antibody 
testing results are plotted in Fig 1. Bone marrows from group 
I patients showed a normal or increased number of granulo- 
cytic cells, whereas those of group II patients had decreased 
myeloid cellularity. Findings were variable in group H 
patients, with some showing hyperplasia and some showing 
marked hypoplasia of the myeloid series. Consistency of 
findings associated with a given drug or disease could not be 
assessed in neutropenic conditions for which only one or two 
positive sera were identified. Four or more sera were identi- 
fied, however, for patients with neutropenia associated with 
procainamide treatment, rheumatoid arthritis, and large 
granular lymphocytosis (LGL) (defined by the persistent 


fg SPA / PFG 





fg SPA /HL-60 


Fig 1. IgG binding to mature granulocytes v HL-60 celis. Solid 
circles: IgG binding {as measured by mean staphylococcal protein 
A (SPA) bound per washed cell in two or more triplicate assays) to 
paraformaldehyde-fixed granulocytes (PFGs) and HL-60 for 33 
individual sera tested at a 1:20 dilution. The mean and SD for nine 
assays of normal sera tested concurrently are depicted by the 
open square with vertical and horizontal brackets. Positive results 
for patient sera arbitrarily defined and grouped by values exceed- 
ing twice the normal mean for SPA binding to PFGs and/or HL-60 
are indicated by the horizontal and vertical solid lines, respec- 
tively. Dashed lines drawn from the open square reflect a similar 
division of groups of sera according to the ratio of excess igG 
binding to PFGs v HL-60. For clarity, data for 140 other patient sera 
that resulted in less than twice the mean SPA binding for normal 
subjects are not shown. 
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fg SPA/Cell+ ight C3t 
Patient Designation Association * PFG/HL-60 PFG/HL6O PFG/HL6O Age/Sex Cellularity§ 
Group | 
4 cC 1.0/0.3 = /- Gps 54M f 
5 AMT 0.9/0.2 ~f +)/- 29F 
6 LGL T202- i j- fm 71F i 
7 LGL 1.1/0.2 — f "E: 56 F t 
8 RA 1.1/0.2 = j= +/+ 54M i 
9 RA 1.0/0.4 ee +/+ 55M i 
10 RA 1.6/0.4 ~ f m +f + 63M 
11 RA 2.9/0.4 = f +/+ 67M t 
Group I! 
12 RA 3.2/1.8 ++ +/+ 67M i 
13 RA 2.2/1.4 4 fm +/+ 59M | 
14 RA 1.0/1.0 +/+ +/+ 64 F 
15 RA 0.8/0.7 +f- =f 4 65 F | 
16 RA 1.0/0.5 a {- + f+ 58 F — 
17 RA 2.4/1.6 ~ f — +/+ 40M f 
18 P 1.6/1.8 jf - +/+ 65 F i 
19 p 3.7/2.7 +f + ob ft BIF aes 
20 p 1.9/1.1 — J — ee 71F | 
21 P 0.7/0.7 A +4 65M j 
22 HT 1.9/1.3 +/+ +/+ oY 6  a 
23 HCL 0.7/0.7 = f +/+ 56M an 
24 LGL 1.0/0.8 afs +/+ 54M oe 
25 LGL 0.7/0.6 "JE +f + 53F | 
Group Hil 
26 | LGL 0.2/1.2 mi fe tg j- 54M j 
27 HD 0.4/2.3 at = | 37M ji 
28 IM 0.3/0.8 sde O {2 17 F l 
29 AA 0.2/0.6 j = j~ +/+ 57M i 
30 AA 0.4/0.8 "E -j4 76F j 
31 Ss 0.6/2.2 = f ~ JE: 49 F em 
32 LS 0.6/1.4 +f + +/+ 55M vane 
33 cc 0.3/1.5 Ffa tft TOF 
1 PWCA 0.3/0.8 — f - +/+ 69M j 
2 PWCA 0.3/0.7 ~ | +f 4 66M j 
3 PWCA 0.4/0.9 se +f 60M i 


All patients had <2,000 granuiocytes/ul when serum was obtained. 

“The associated drugs or diseases were: C, cephalosporin; AMT, autologous marrcw transplantation; LGL, large granular lymphocytosis; RA, 
rheumatoid arthritis; P, procainamide; HT, hyperthyroidism: HCL, hairy cell leukemia: HD, Hodgkin s disease; IM, infectious mononucleosis: AA, acute 
aplastic anemia; SS, “serum sickness”; LS, latent syphilis: CC, cryptogenic cirrhosis; and PWCA, chronic idiopathic myeloid hypoplasia or pure white cell 
aplasia; other abbreviations as in Table 2. 

Mean value of two or more assays is recorded. In a typical assay, the mean SE of triplicate results was 5%, with a maximum of 10%. Results for the 
same patient assayed on different days varied as much as 40%, but the SEM of three or more assays was usually <20%. For nine normal sera tested, the 
mean SPA binding was 0.32 + 0.11 fg/PFG and 0.26 + 0.10 fg/HL-60 cell. 

{Results for anti-igM and anti C3c binding are recorded as positive {+} if = 1.4 times the normal mean and as negative (--) if < 1.4 times the normal 
mean. 

§Myeloid cellularity was calculated from the percentage of overall hematopoietic cellularity and the myeloid/erythroid ratio in the official pathology 
reports if available. Myeloid cellularity is designated as decreased (|) if <15%, as intermediate (1) if between 16% and 40%, and as increased (1) if 
>40%. We confirmed results for 14 marrows available for review. 


presence of >500/uL lymphoid cells with azurophilic gran- and their bone marrows did not show myeloid hypoplasia. 
ules on Wright's stain and/or HNK-I monoclonal antibody Patients with LGL and neutropenia were noted in all three 


binding on flow-cytometric immunofluorescence analysis of groups. Bone marrow biopsies were available from three 
peripheral blood mononuclear cells). As shown in Table 3, patients with LGL (patient 6 in group I, patient 25 in group 
observations based on these clinical associations were as Il, and patient 26 in group IH). Marrow from patient 26 
follows. Sera from patients with procainamide-related showed myeloid hypoplasia, whereas marrow from patient 6 
agranulocytosis were in group H, demonstrating increased was normocellular with a selective decrease in mature granu- 
IgG binding and C3 fixation to both PFG and HL-60 cells. locytes. Marrow from patient 25 was 80% cellular with 65% 
Patients with Felty’s syndrome fell into both group I and replacement by abnormal lymphocytes (as compared with 
group HI, but all had PFG/HL-60 IgG binding ratios of 21 < 10% lymphs for patients 6 and 26). The remaining patients 
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represent a variety of conditions in which immune neutrope- 
nia or other autoimmune phenomena have been described, as 
detailed in Table 3. 

The different PFG/HL-60 IgG binding ratios that divide 
patients into groups demonstrating antibodies binding pri- 
marily to mature granulocytes (group 1), immature myeloid 
cells (group LHH), or both (group H), might each be the result 
of single or combined antibody specificities for antigens that 
are variably expressed depending on the degree of myeloid 
maturation. To address the question of whether sera con- 
tained antigranulocyte antibodies to one or more than one 
antigen, several eluates were prepared from PFGs incubated 
in sera with different PFG/HL-60 IgG binding ratios. If a 
serum contained antibodies with multiple specificities dif- 
fering in PFG/HL-60 binding ratio, one might expect the 
PFG eluate to show a higher PFG/HL-60 binding ratio than 
the original serum by virtue of a greater representation of 
predominantly PFG binding antibody in the PFG eluate. 
Alternatively, if a serum contained antibodies of a single 
specificity, so that the PFG/HL-60 binding ratio was deter- 
mined by the ratio of antigen available on mature v imma- 
ture cells, the PFG eluate and its parent serum should 
demonstrate the same PFG/HL-60 binding ratio. In Fig 2, 
the PFG/HL-60 binding ratio of serum is plotted against the 
ratio for the corresponding eluate assayed simultaneously. 
For the six sera tested, points fall on a line close to unit slope 
(0.84), consistent with a single specificity in each serum. 

If the different PFG/HL-60 IgG binding ratios are due to 
different antibody specificities for antigens that are gained, 
conserved, or lost during neutrophil maturation, one might 
expect to see changes in antibody binding to HL-60 cells 
after in vitro differentiation, As illustrated in Fig 3, sera 
from group I patients showed an increase in IgG binding to 
HL-60 cells grown in the presence of retinoic acid or 
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Fig 2. Paraformaldehyde-fixed granulocyte (PFG)/HL-60 IgG 
binding ratios for serum v PFG eluates. For six sera (from patients 
3, 11, 13, 17, 18, and 20) and the six eluates prepared from PFGs 
incubated in these sera, igG binding to PFG and HL-60 cells was 
assayed simultaneously and the ratio of staphylococcal protein A 
(SPA) binding to each cell type was calculated. The ratios for each 
patient's serum and corresponding PFG eluate provide the coordi- 
nates for the six solid circles. Each falls close to a line with slope of 
0.84, which intersects a line from the origin with unit slope at (1.3, 
1.3). Unit slope is represented by the dashed line where points 
would be expected to fall if binding ratios were the same for eluate 
and serum. More selective PFG binding by eluates would cause 
points to fall to the right of the dashed line. The direction of 
deviation from unit siope and point of intersection may be 
explained by the effects of nonspecific IgG binding in whole serum, 
since normal sera give a mean PFG/HL-60 SPA binding ratio of 
1.2, 
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Fig 3. Data from a representative experiment measuring the 
effect of differentiation on IgG binding to HL-60 celis. Cells were 
cultured for 7 days in the presence or absence of 7 umol/L of 
13-cis-retinoic acid (RA) and fixed. The percentage of increase in 
staphylococcal protein A (SPA) bound to retinoic acid-treated ceils 
as compared with control HL-60 cells is plotted for normal serum 
and sera from patients in each of the previously defined groups. in 
this experiment, 22% of control HL-60 cells reduced nitroblue 
tetrazolium (NBT), whereas 61% of the RA-treated celis did. 
Similar results (not shown) were obtained in replicate experi- 
ments and also when celis were cultured in the presence of 1.2% 
dimethylisulfoxide (DMSO). 


dimethylsulfoxide (DMSO). Essentially no change was seen 
for sera from patients in group lH and group HI The HL-60 
cell line may spontaneously lose the capacity to differentiate 
in response to these agents over time.” Retinoic acid treat- 
ment of such HL-60 cells that have lost the capacity to 
differentiate (as assessed by morphology, nitrobiue tetrazo- 
lium reduction, and anti-CRI binding before and after 7 
days of DMSO or retinoic acid treatment) in the course of 
prolonged continuous culture (+300 passages) failed to show 
any change in the amount of IgG bound by sera from group | 
patients. Thus, antibodies in sera from group I patients 
appear to bind to antigens acquired during differentiation. 

The data for C3 fixation (Table 3) also suggest that 
mature granulocytes and HL-60 cells share antigens that are 
targets in immune neutropenia. Of 29 sera causing excess C3 
fixation to one cell type, 22 (76%) caused excess C3 fixation 
to the other cell type as well, regardless of whether the ratio 
of IgG binding favored mature granulocytes (as with sera 
from neutropenic patients with rheumatoid arthritis) or 
HL-60 cells (as with sera from the myeloid hypoplasia 
patients). In contrast, <2% of sera tested have been found to 
cause excess C3 fixation to granulocytes in the absence of 
increased antibody binding to either PFG or HL-60 cells. Of 
the 29 sera reported here to cause at least 40% more than 
normal C3 fixation to PFG or HL-60 cells, we found only 
increased IgG binding and not IgM binding in 21, and 
increased binding of both immunoglobulin classes in 8. We 
have not identified sera that resulted in increased binding of 
anti-IgM to sensitized granulocytes at 37°C without also 
causing increased SPA binding. Thus, the potential impor- 
tance of complement-fixing IgM antigranulocyte antibodies 
remains to be determined. , - 

To demonstrate selective myeloid specificity of antibodies 
binding to HL-60 cells, sera from the three patients with 
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PWCA were tested for IgG antibody binding to RBCs, 
platelets, and lymphocytes from a normal group O donor and 
to the blasts and promyelocytes from a patient with acute 
myelogenous leukemia. Serum IgG binding to RBCs, lym- 
phocytes, and platelets was no different for the three PWCA 
patients as compared with normal control subjects. As Fig 4 
shows, however, the sera from these three patients did show 
increased binding to freshly isolated acute myelogenous 
leukemia cells as well as to the in vitro-passaged HL-60 
cells. 

In data not shown, sera from two groups of multiply 
transfused patients were tested for IgG binding to HL-60 
cells. The first group of sera were from nine patients who had 
received RBCs or platelets from ten or more donors because 
of cytopenias related to chemotherapy or marrow disorders. 
None of these sera were positive as previously defined. The 
second group of sera were obtained 2 to 5 days following 
report of a febrile transfusion reaction in 30 patients. Two 
sera bound more than twice as much IgG to HL-60 cells as 
compared with normal serum. Both these sera also bound 
more than twice normal amounts of IgG to PFGs. Thus, 
allosensitization resulting in antibodies that bind to HL-60 
cells but not mature granulocytes was not observed. 

Fifty sera from healthy donors aged 64 to 89 years 
(median 81) were also tested, and mean (+SD) for SPA 
binding of 0.34 (+0.14) fg/PFG and 0.23 (+0.08) fg/HL-60 
were not different from younger controls (Table 2). Values 
greater than twice normal were found for only 1 of these 50 
sera, and this one sample caused increased IgG binding to 
both PFG and HL-60 cells. 


DISCUSSION 


One expects to see compensatory hyperplasia of marrow 
precursors in processes that cause cytopenia by an effect on 
the postmitotic, terminally differentiating cells. An apparent 
reduction in the proliferating pool of committed precursors 
implies, however, that the corresponding cytopenia is due to 
effects on the more immature hematopoietic progenitors. 
Although hematologic malignancies, infections, inflamma- 
tory processes, and bone marrow infiltrations may preferen- 
tially reduce one cell line more than others, the isolated 
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Fig 4. Results for triplicate assays of IgG binding to freshly 
isolated and fixed acute myelogenous leukemia, French-American- 
British classification M2 cells as compared with the HL-60 cells are 
shown for normal serum (open circles) and three patients with 
pure white cell aplasia (PWCA) (solid circles), with SE brackets for 
each vaiue in femtograms of staphylococcal protein A per cell. The 
dashed line indicates unit slope. 
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reduction in a single cell line should raise the suspicion of an 
autoimmune process. 

Suspected immune cytopenias with precursor cell hypo- 
plasia have been associated with both serum (IgG + comple- 
ment) ard cell-mediated (T lymphocyte) processes in studies 
based on in vitro clonogenic assays." Also, clinical 
responses to plasmapheresis” and antilymphocyte globulin 
treatmerts”' have suggested roles for antibody and/or effec- 
tor cells in mediation of these disorders, but the detailed 
pathophysiology remains a matter of inference and specula- 
tion. In this study, we found evidence of antibodies specific 
for immature myeloid cells in a number of patients with 
apparent granulocytic hypoplasia. Three cases demonstrated 
acquired chronic hypoplasia of the granulocytic series. 
Although patient 2 had a mild reduction in RBCs, hyper- 
gammagiobulinemia, and a low-titer antinuclear antibody, 
these patients otherwise had no generalized hematologic 
disorders or associated systemic diseases. Because the 
PWCA patients were untransfused males, allosensitization 
could nct explain the increased antibody binding to the 
HL-60 cr FAB-M2 leukemic cells, and it is not a likely 
explanat.on for the findings in other patients in group HI. 
The term “pure white-cell aplasia.” as it has been applied to 
idiopathic, disease-associated, or drug-induced hypoplasia of 
the granulocyte series,'*'* is a misnomer since nongranulo- 
cytic leukocytes may be unaffected, and the variably severe 
reduction in the proliferative pool of granulocyte precursors 
reflects degrees of hypoplasia rather than aplasia. The term 
seems appropriate, however, in its implication of the analogy 
to “pure red cell aplasia” as applied to immunologically 
mediated hypoplasia of the erythroid series.’ 

It is difficult to prove that antibodies that bind to cells are 
the cause of syndromes such as blood cell cytopenias, partic- 
ularly granulocytopenia. Both granulocyte production and 
the distribution of cells between the marrow, the marginal 
and circulating blood pools, and the tissues are subject to 
many variables. These factors make studies of antibody 
effects or granulocyte survival and kinetics more difficult to 
perform and interpret than corresponding studies on RBCs 
and platelets.” Effects occurring in the bone marrow are 
even less accessible to observation. For the granulocyte, 
which is ~10 days in production as compared with perhaps 
10 hours in the circulation, immune damage in the marrow 
may be cf central importance regardless of the maturity of 
the targe: cell. Using whole protein A-bearing staphylococci 
to detect IgG binding to peripheral blood and bone marrow 
slide preparations, Harmon and co-workers demonstrated a 
relationship between severity of neutropenia and the imma- 
turity of marrow cells to which autoantibody would bind.” 
This assay as applied by others to cases of PWCA has been 
negative, however, 7 perhaps because of an insufficient 
number cf antigen-bearing target cells. Nevertheless, Levitt 
and others have provided strong evidence for IgG antibody 
mediation of idiopathic and drug-associated PWCA by dem- 
onstrating inhibition of CFL-GM growth in in vitro clono- 
genic assays of human marrow. Various studies have 
likewise suggested the presence of antibodies to RBC and 
platelet precursors in certain syndromes. 

Because HL-60 cells appear to express the appropriate 
antigens, these readily available cells can be used to detect 
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antibodies to immature granulocyte precursors in a simple 
and quantitative manner. These cells can also be used as a 
source for specific identification of antigens by immunopre- 
cipitation and/or immunoblotting procedures. This model 
may also be useful in analyzing disorders involving other cell 
types (eg, pure RBC aplasia, immune thrombocytopenia, 
aplastic anemia, vasculitides) by using other available 
human cell lines. Classification of syndromes of autoanti- 
body-mediated granulocytopenia according to antigen tar- 
gets will facilitate the analysis of pathophysiology and 
clinical characteristics. Antibodies to peripheral blood gran- 
ulocytes with differing in vitro characteristics have been 
reported in association with many drugs and diseases, includ- 
ing rheumatoid arthritis, procainamide-related and idio- 
pathic lupus, LGL, Hodgkin’s disease, and other condi- 
tions.” The classification of antigranulocyte antibodies 
based on the binding ratio to mature v immature myeloid 
cells is another step toward identification of antigen specifici- 
ties, which may have significant prognostic and therapeutic 
implications. 

Studies using other human cell lines and correlation with 
serum effects on in vitro clonogenic assays of marrow progen- 
itors may be useful in determining whether antigens not 
present on HL-60 cells (eg, HLA-DR) may be involved in 
some cases of antibody mediated myeloid hypoplasia and to 
what extent antibody binding to cell-line targets predicts 
inhibition in assays using bone marrow cells. These studies, 
though, could not be expected to detect antibody-mediated 
marrow damage due to very low-titer (predominantly mar- 
row cell-bound) antibodies, or antibodies to antigens that are 
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sparse or only transiently expressed on target cells. More- 
over, the demonstration of antibody binding to granulocyte 
precursors and/or serum inhibition in marrow progenitor 
assays can only suggest a possible mechanism of marrow 
injury and may not be sufficient to direct therapy. 

In this report, we describe three patients with chronic 
idiopathic myeloid hypoplasia and the use of HL-60 cells to 
detect antibodies to immature myeloid cells in these and 
other patients in whom we did not detect antibodies to 
mature granulocytes. We also report the binding of antigran- 
ulocyte antibodies to immature myeloid cells in a subset of 
patients with detectable antibody binding to mature granulo- 
cytes. In the patients studied, antibodies to immature granu- 
locytes were associated with myeloid hypoplasia. The detec- 
tion of such antibodies in elderly patients with “idiopathic” 
or “benign” neutropenia and in other disorders in which 
autoimmune phenomena occur is consistent with an anti- 
body-mediated mechanism of neutropenia. Further studies 
based on the use of continuously cultured human cell lines 
are expected to contribute to a better understanding of the 
pathophysiology of autoimmune phenomena. 
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Spectrin Is Associated With Membrane-Bound Actin Filaments in Platelets 
and Is Hydrolyzed by the Ca?* -Dependent Protease During Platelet Activation 


By Joan E.B. Fox, Clifford C. Reynolds, Jon S. Morrow, and David R. Phillips 


We recently showed that platelets contain submembra- 
nous actin filaments that are linked to glycoprotein (GP) Ib 
on the plasma membrane. In the present study, experi- 
ments were performed to determine whether spectrin was 
associated with these filaments. The membrane-bound 
filaments were isolated from Triton »-100 (Sigma, St 
Louis) lysates of unstimulated platel by differential 
centrifugation. Platelet spectrin was detucted immunologi- 
cally by using antibodies against human brain and RBC 
spectrin. Immunoblots showed that platelet spectrin con- 
sisted of two polypeptides (mol wt 240,000 and 235,000} 
that were similar in apparent mol wt to those of the a and f 
chains of brain spectrin but differed slightly from those of 
RBC spectrin (mol wt 240,000 and 220,000). immunopre- 
cipitation experiments identified platelet spectrin as two 
minor polypeptides migrating on sodium dodecyl sulfate 
(SDS)-polyacrylamide gels between actin-binding protein 
(mol wt 250,000) and the platelet polypeptide P235 (moi wt 
235,000). immunoblots of fractions isolated from Triton 
X-100~lysed platelets revealed that the a and 6 chains of 






LATELETS HAVE a characteristic discoid shape that 
is rapidly lost when physiological agonists activate the 
platelets. The factors responsible for maintaining the discoid 
shape or directing the activation-induced changes are not 
well understood. Microtubules have been thought to be 
critical in regulating platelet shape,'” but the finding that 
agonists induce a change in shape even when microtubules 
are stabilized with taxol’ suggests that additional factors are 
involved. 

We recently showed that platelets contain a peripheral 
layer of actin filaments that is linked by actin-binding 
protein to glycoprotein (GP) Ib on the plasma membrane.*° 
This membrane-bound layer of actin filaments is distinct 
from the rest of the cytoskeleton and might function as a 
membrane skeleton, stabilizing the shape of the unstimu- 
lated plateiet.* 

The only other cell known to contain a membrane skeleton 
that regulates the shape of the cell is the RBC (for review. 
see refs 6 and 7}. In this cell, the major component of the 
membrane skeleton is spectrin, which consists of elongated 
heterodimers comprising an a chain (mol wt 240,000) and a 
8B chain (mol wt 220,000). The heterodimers are associated 
head to head, forming tetramers. The tail regions of the 
spectrin tetramers bind to short actin filaments, cross-linking 
these filaments into networks. Spectrin also links the fila- 
mentous network to the RBC plasma membrane through 
ankyrin, which connects spectrin to the membrane glycopro- 
tein known as band 3. An additional linkage to the mem- 
brane may be provided by protein 4.1, which binds to 
spectrin and is also thought to be associated with the 
membrane glycoprotein glycophorin.” 

Proteins immunologically similar to RBC spectrin’ 
ankyrin,'*® and protein 4.177 have been described in many 
nonerythreid cells, including platelets." This raised the 
question of whether these proteins might be associated with 
the membrane-bound actin filaments in platelets. In the 
present report, we (a) identify platelet spectrin as two 
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platelet spectrin were associated almost entirely with the 
actin filaments that were linked to the plasma membrane. 
Little spectrin was recovered in the Triton X-100-soluble 
fraction or with the actin filaments that were not mem- 
brane bound. During activation of platelets with thrombin 
or ionophore A23187, the a and 8 chains of spectrin were 
hydrolyzed, generating a major degradation product of mol 
wt 160,000 and a minor one of mol wt 170,000. These two 
hydrolytic products were also generated in Triton X-100 
lysates incubated in the presence of Ca*’ but were not 
produced when lysates were treated with leupeptin, ethyl- 
ene glycol bis(G-aminoethyi ether)-N.N.NN -tetraacetic 
acid (EGTA), or N-ethylmaleimide, known inhibitors of the 
Ca’*-dependent protease. These experiments show that 
spectrin is a previously unidentified component of the 
membrane-bound actin filament network and that hydroly- 
sis of spectrin by the Ca?“ -dependent protease may regu- 
late the interactions of the filaments during platelet activa- 
tion. 
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polypeptides of mol wt 240,000 and 235,000, (b) show that 
spectrin is selectively associated with the membrane-bound 
actin filaments, and (c) demonstrate that spectrin is hydro- 
lyzed by the Ca’*-dependent protease during platelet activa- 
tion, when the cell undergoes dramatic changes in shape. 


MATERIALS AND METHODS 


Preparation of platelet suspensions. Venous blood was drawn 
from healthy adult donors, and platelets were isolated from 1 by 
centrifugation as described previously.“”? When the platelet pellet 
was removed from the tube after each centrifugation, care was taken 
not to include any RBCs that were sometimes found tightly packed 
below the platelets. The washed platelets were finally resuspended at 
about | x 10° platelets/mL in Tyrode’s buffer containing 138 
mmol/L of sodium chloride, 2.9 mmol/L of potassium chloride, 12 
mmol/L of sodium bicarbonate, 0.36 mmol/L of sodium phosphate, 
5.5 mmol/L of glucose, 1.8 mmol/L of calcium chloride, 0.4 
mmol/L of magnesium chloride, and 10 ng of prostacyclin/mL., pH 
7.4. When platelets were to be subsequently activated by platelet 
agonists, prostacyclin was omitted from the Tyrode’s buffer, Micro- 
scopic examination showed that no contaminating RBCs were 
present. 
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To obtain platelets in which the surface glycoproteins were 
*H-labeled, washed platelets were labeled by the sodium metaperi- 
odate/sodium [*H]borohydride method, as described previously.‘ 
Platelet counts were made with a Coulter counter. 

Incubations. For studies of intact platelets, platelet suspensions 
were stirred with 0.1 National Institutes of Health (NIH) U of 
thrombin/mL (a generous gift from Dr John W. Fenton HH of the 
New York Department of Health, Albany) or with 1.0 wmol/L. of 
ionophore A23187 (Calbiochem, San Diego) as described previous- 
y” 

For studies of lysed platelets, lysates were prepared by adding to 
platelet suspensions an equal volume of buffer containing 2% Triton 
X-100 (Sigma, St Louis), 100 mmol/L of Tris-HCI, 100 mmol/L of 
benzamidine, and 2 mmol/L of phenylmethylsulfony! fluoride 
(PMSF) (Sigma), pH 7.4. When indicated, leupeptin (Vega Bio- 
technologies, Tucson, AZ), ethylene glycol bis(8-aminoethyl ether)- 
N,N N’',N' -tetraacetic acid (EGTA), or N-ethylmaleimide (Sigma) 
was included in the buffer to inhibit activity of the Ca?*-dependent 
protease. Lysates were incubated at 25 °C, and incubations were 
terminated by the addition of sodium dodecyl sulfate (SDS)- 
containing buffer. 

Isolation of subcellular fractions. Platelets (500-uL portions) 
were lysed by addition of an equal volume of ice-cold buffer 
containing 2% Triton X-100, 10 mmol/L of EGTA, and 100 
mmol/L of Tris-HCI, pH 7.4. In some experiments, as indicated in 
the text, actin filament depolymerization was induced by omitting 
EGTA from the lysis buffer or by omitting EGTA and including 
DNase I (2 mg/mL, Boehringer-Mannheim, Indianapolis). When 
EGTA was omitted, leupeptin (2 mg/mL) was included to inhibit 
activity of the Ca’*-dependent protease. When DNase I was 
included, 2 mmol/L of PMSF and 100 mmol/L of benzamidine 
were added to the lysis buffer to inhibit any protease activity present 
in the DNase I. Lysates were centrifuged at 100,000 g at 4 °C for 3 
hours to obtain the Triton X-100-insoluble actin filaments and the 
Triton X-100-soluble fraction. To separate the membrane-bound 
filaments from the rest of the actin filaments, lysates were first 
centrifuged at 15,600 g at 4 °C for 4 minutes. The bulk of the actin 
filaments sedimented at these g forces. The membrane-bound fila- 
ments remained in the supernatant, however, and were subsequently 
isolated by centrifugation at 100,000 g at 4 °C for 3 hours. 

SDS-polyacrylamide gel electrophoresis (PAGE}. For analysis 
on SDS-polyacrylamide gels, 3 vol of sample were solubilized by 
addition of | vol of a buffer containing 8% SDS (wt/vol), 20% 
2-mercaptoethanol (vol/vol), 40% glycerol (vol/vol), 0.008% 
bromphenol blue (wt/vol), 250 mmol/L of Tris-HCI, 20 mmol/L of 
EGTA, and 4 mg of leupeptin/mL, pH 6.8. Insoluble fractions were 
solubilized in the same buffer diluted four times with distilled water. 
All samples were incubated at 60°C for 5 minutes to facilitate 
solubilization. Protein was electrophoresed through slab gels accord- 
ing to the method of Laemmli,” using 3% acrylamide in the stacking 
gel and either 5% or 7.5% acrylamide in the resolving gel. For 
detection of total protein, gels were stained with Coomassie brilliant 
blue or by a silver staining method.” For detection of >H-labeled 
glycoproteins by fluorography, gels were treated with ENSHANCE 
(New England Nuclear, Boston), dried, and exposed to x-ray film as 
described previously.“ Spectrin was detected on immunoblots as 
described below. 

Antibody production and characterization. RBC ghosts were 
isolated and washed as described. Spectrin was extracted from 
ghosts at 37°C in a low-ionic-strength buffer and was further 
purified by gel filtration on Sepharose 4B as described by Tyler and 
colleagues.” Purified spectrin was electrophoresed on SDS-poly- 
acrylamide gels containing 5% acrylamide. The gel was stained 
briefly (~5 minutes) with Coomassie brilliant blue, and the two 
major bands of mol wt 240,000 and 220,000 (corresponding to the a 
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and 8 chins of spectrin) were cut out of the gel in a narrow strip. 
The gel strip was washed, homogenized, and injected into rabbits as 
described previously.” Antiserum was isolated by centrifugation of 
clotted blood for 20 minutes at 30,000 g. The immunoglobulin G 
(IgG) fraction was precipitated two times at 4 °C with 40% ammo- 
nium sulfate, dialyzed into a buffer containing 100 mmol/L of 
sodium chloride, 0.02% sodium azide, and 10 mmol/L of sodium 
phosphate, pH 7.4, and stored a! 4 °C. 

Antibodies against human brain spectrin were raised as 
described” Monoclonal antibody against the 8 chain of RBC 
spectrin was kindly provided by Dr Stanley Schrier of Stanford 
University. Antibodies against actin-binding protein and glycocali- 
cin (the water-soluble hydrolytic product of GP Ib) were raised as 
described previously.*”* 

Antibody specificities were characterized on immunoblots as 
described previously. *® The specificities of the affinity-purified 
actin-bincing protein antibodies and the glycocalicin antibodies have 
been described.“ Antibody concentrations were determined by 
their absorbance at 280 nm using an E{®, value of 14.0. 

immunoprecipitation of proteins from platelet lysates. Platelet 
suspensions (| to 2 x 10° platelets/mL) were lysed by the addition of 
an equal volume of ice-cold buffer containing 2% Triton X-100, 10 
mmol/L of EGTA, 2 mg of leupeptin/mL, and 100 mmol/L of 
Tris-HCI, pH 7.4. In some experiments, DNase | (1 mg/mL) was 
included :n the lysis buffer to depotymerize actin filaments and 
release filament-associated proteins into the Triton X-100~soluble 
fraction. When DNase I was present, PMSF (2 mmol/L) and 
benzamid ne (100 mmol/L) were included in the lysis buffer and the 
leupeptin concentration was increased to 4 mg/mL. Filamentous 
actin remaining in the Triton X-100 lysates was removed by 
centrifugation of the lysates at 100.000 g at 4°C for 3 hours. 
Proteins were immunoprecipitated from l-mL portions of the Triton 
X-100-soluble fraction as described previously... Immunoprecipi- 
tated protein was solubilized with 70 al of an SDS-containing 
buffer and analyzed on SDS-polvacrylamide gels. 


RESULTS 


Characterization of spectrin antibodies. RBC ghosts 
and washed platelet suspensions were each solubilized in 
SDS-containing buffer and electrophoresed on SDS-poly- 
acrylamide gels containing 7.5% acrylamide. The polypep- 
tides were transferred electropheretically to nitrocellulose 
paper, which was then incubated with antibodies against 
spectrin. Figure | shows that antibodies against both RBC 
spectrin cnd brain spectrin reacted with the a chain of mol wt 
240,000 and the 8 chain of mol wt 220,000 of RBC spectrin 
(Fig 1A and B, lane 1). The antibodies also reacted with 
several minor polypeptides of lower mol wt present in the 
RBC ghosts, an observation made previously by others.’ 
Antibodies against RBC spectrin were raised in three dif- 
ferent rabbits. Two of the antisera did not react with any 
platelet polypeptide on immunoblots. As shown in Fig 1, 
however, one antiserum reacted with a closely spaced doublet 
in platelets (Fig 1A, lane 2}. The doublet had a mol wt of 
240,000, as indicated by its comigration with the a chain of 
mol wt 240,000 of spectrin in RBC ghosts. A doublet of 
similar mol wt was also recognized in platelets by the 
antibodies against brain spectrin (Fig 1B, lane 2). There was 
no indication of a polypeptide in platelets that comigrated 
with the 6 chain of mol wt 220.000 of RBC spectrin. A 
monoclonal antibody against the 8 chain of RBC spectrin did 
not react with any platelet pclypeptide (Fig 1C, lane 2). 
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Fig 1. Characterization of spectrin antibodies. RBC ghosts 
(~25 ug of protein) (lane 1 in each panel) and washed platelet 
suspensions (~75 ug of protein) (lane 2 in each panel) were each 
solubilized in sodium dodecy! sulfate (SDS)-buffer and electropho- 
resed on SDS-polyacrylamide gels containing 7.5% acrylamide. 
The polypeptides were transferred to nitrocellulose paper. which 
was incubated with antibodies against (A) RBC spectrin (final 
concentration, 210 g/mL), (B) brain spectrin (final concentra- 
tion, 120 g/mL), and (C) a monoclonal antibody against the 8 
chain of RBC spectrin (final concentrations, 110 ug/mL for RBC 
polypeptides and 220 ug/mL for platelet polypeptides). Antigen- 
antibody complexes were detected by autoradiography after incu- 
bation of the nitrocellulose paper with ‘I-labeled Protein A. 


To resolve the æ and 8 chains of platelet spectrin, platelet 
polypeptides were electrophoresed on SDS-polyacrylamide 
gels containing 5% acrylamide. Figure 2A shows that the a 
chain of platelet spectrin comigrated with the a chain of mol 
wt 240,000 of RBC spectrin, whereas the 8 chain migrated to 
a point between the a and 8 chains of RBC spectrin, with a 
mol wt of 235,000. These were the only two polypeptides that 
reacted specifically with the spectrin antibodies. Although a 
few additional minor bands were apparent (Fig 2A), these 
represented nonspecific binding of the antibody, as indicated 
by their presence in control blots as well (Fig 2B). 

Immunoprecipitation of platelet spectrin. Antibodies 
against both RBC spectrin and brain spectrin caused immu- 
noprecipitation of two polypeptides of spectrin from platelet 
lysates (Fig 3A, lanes 3 and 4). The two polypeptides were 
precipitated from platelet lysates even by batches of RBC 
spectrin antibodies that did not interact with platelet spectrin 
on immunoblots. The polypeptides were present in very small 
amounts and were barely detectable over the background of 
other proteins that were recovered nonspecifically in the 
immunoprecipitates. Their identification as platelet spectrin 
was indicated by their absence from immunoprecipitates 
obtained with normal rabbit IgG (Fig 3A, lane 2), however, 
and their identification was confirmed on immunoblots 
showing that the two immunoprecipitated proteins reacted 
with antibodies against brain spectrin (Fig 3B). The a chain 
of platelet spectrin comigrated with the a chain of mol wt 
240,000 of RBC spectrin, whereas the 8 chain had a mol wt 
that was higher than that of both the 8 chain of RBC spectrin 
and the platelet polypeptide of mol wt 235,000 (P235) (Fig 
3A, lanes 3 and 4 as compared with lanes 5 and 6). 
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Fig2. Detection of RBC and platelet spectrin on immunoblots 
of 5% acrylamide gels. RBC ghosts (~0.5 ug of protein) (lanes 1 
and 2 in each panel) and washed platelet suspensions (~60 ug of 
protein) (lanes 3 and 4 in each panel) were solubilized in sodium 
dodecyl sulfate (SDS)-containing buffer. Solubilized proteins were 
electrophoresed on SDS-polyacrylamide gels containing 5% acry- 
lamide, transferred to nitrocellulose paper, and incubated with 
antibodies against (A) brain spectrin (final concentration, 120 
ug/mL) or (B) an equal concentration of normal rabbit serum. 
Antigen—antibody complexes were detected by autoradiography 
after incubation of the nitrocellulose paper with ‘I-labeled Pro- 
tein A. 


To identify which of the polypeptides in whole platelets 
represented spectrin, platelets were solubilized in SDS- 
buffer and then electrophoresed through SDS-polyacryl- 
amide gels containing 5% acrylamide. Most one-dimensional! 
gel systems resolve the two major high-mol-wt proteins 
actin-binding protein (mol wt 250,000) and P235 (mol wt 
235,000), but not additional polypeptides in this mol-wt 
region. By using 5% acrylamide and running the gels until 
the dye front was well off the bottom of the gel, we were able 
to resolve two additional polypeptides that were visible on 
Coomassie brilliant blue-stained gels at points between 
actin-binding protein and P235 (Fig 3, lane 1). These 
polypeptides migrated to the same position on the gels as the 
two polypeptides precipitated by the spectrin antibodies. 
They were not present in platelet lysates from which spectrin 
had been immunoprecipitated (data not shown). We con- 
clude that these two additional polypeptides represent plate- 
let spectrin. The two polypeptides of platelet spectrin were 
present in approximately equal amounts and represented 
very minor components as compared with actin-binding 
protein and P235. 

Association of spectrin with actin filaments in plate- 
lets. To determine whether spectrin was associated with 
actin filaments, platelets were lysed with Triton X-100 and 
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Fig 3. Immunoprecipitation of platelet spectrin. Platelets 
were solubilized directly into sodium dodecyl sulfate (SDS)- 
containing buffer (lane 1) or were lysed with an equal volume of a 
buffer containing 2% Triton X-100, 10 mmol/L of EGTA, 100 
mmol/L of Tris-HCl, 4 mg of leupeptin/mL, 2 mmol/L of phenyl- 
methylsulfonyl fluoride (PMSF), and 100 mmol/L of benzamidine, 
pH 7.4. The Triton X-100—soluble fraction was obtained by centrif- 
ugation of the lysate at 100,000 g for 3 hours at 4°C. The 
precipitate resulting from immunoprecipitation of 650 uL of the 
Triton X-100-—soluble fraction with 180 ug of normal rabbit IgG/mL 
(lane 2), 180 ug of RBC spectrin antibodies/mL (lane 3), or 150 ug 
of brain spectrin antibodies/mL (lanes 4 and 8) was solubilized in 
SDS-containing buffer. Solubilized proteins were electrophoresed 
on SDS-polyacrylamide gels containing 5% acrylamide. Lanes 5 
and 7 contain purified RBC spectrin. and lane 6 contains platelet 
P235 purified as described previously.” Lane 9 contains the 
supernatant remaining after precipitation of platelet lysate with 
brain spectrin antibodies. In panel A, proteins were detected with 
Coomassie brilliant blue stain. In panel B, spectrin was detected on 
Western blots using antibodies against brain spectrin as described 
in the legend to Fig 1. ABP, actin-binding protein; P235, platelet 
polypeptide of mol wt 235,000 that appears to be similar to 
talin.” 


the actin filaments were sedimented at g forces known to 
sediment all of the filamentous actin (100,000 g for 3 hours). 
Analysis of the Triton X-100-insoluble and -soluble frac- 
tions showed that spectrin was primarily recovered along 
with the Triton X-100-insoluble actin filaments (Fig 4A, 
lane 2 compared with lane 3). Because several other platelet 
proteins in addition to actin filaments are inherently insolu- 
ble in Triton X-100,* the effect of depolymerization of the 
actin filaments on the Triton X-100 insolubility of spectrin 
was examined. Two depolymerizing agents were used: Ca** 
and DNase I. The addition of Ca** causes depolymerization 
of most of the actin filaments in platelet lysates, but not of 
the small pool of filaments that is membrane bound.‘ Figure 
4B shows that Ca** had little effect on the recovery of 
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Fig4. Recovery of spectrin with Triton X-100-insoluble actin 
filaments. (A) Platelets were solubilized directly into sodium 
dodecyl sulfate (SDS)-containing buffer (lane 1) or were lysed by 
addition cf an equal volume of a buffer containing 2% Triton X-100, 
10 mmol/L of EGTA, and 100 mmol/L of Tris-HCl, pH 7.4. Lysates 
were centrifuged at 100,000 g at 4 °C for 3 hours. Total platelets 
(30 ul) or fractions Originating from 30 uL of platelets were 
analyzed on SDS-polyacrylamide geis containing 5% acrylamide 
(Triton X-100-insoluble [lane 2] and -soluble [lane 3]). Spectrin 
was detected on immunoblots using antibodies against brain 
spectrin es described in the legend to Fig 1. (B) Platelet suspen- 
sions were lysed by addition of an equal volume of a buffer 
containing 2% Triton X-100, 10 mmol/L of EGTA, and 10 mmol/L 
of Tris-HCl, pH 7.4 (lanes 1), the same buffer lacking a Ca?’ 
chelator but containing leupeptin 2 mg/mL to inhibit activity of the 
Ca**-dependent protease (lanes 2), and the same buffer lacking a 
Ca** chelator but containing leupeptin 2 mg/mL and DNase | (2 
mg/mL), 2 mmol/L of phenylmethylsulfony! fluroide (PMSF), and 
100 mmol/L of benzamidine (lanes 3). Triton X-100—insoluble and 
-soluble fractions were isolated and analyzed for the presence of 
spectrin as described for panel A. 


spectrin in the Triton X-100-insoluble fraction (lane 2 
compared with lane 1). In contrast to Ca?*, DNase I 
depolymerizes both cytoplasmic filaments and membrane- 
bound filaments.* When DNase I was present at concentra- 
tions shown previously to depolymerize ~40% of the total 
actin filament content and release ~20% of GP Ib from the 
Triton X-100-insoluble fraction,’ the recovery of spectrin in 
the Triton X-100-insoluble fraction was also reduced (Fig 
4B, lane 3 compared with lane 1). The differential effect of 
Ca** and DNase I on the recovery of spectrin in the Triton 
X-100-insoluble fraction suggests that spectrin is selectively 
associated with the membrane-bound actin filaments in 
platelets. 

An adcitional characteristic of the membrane-bound fila- 
ments is that they can be separated from other platelet actin 
filaments by differential centrifugation of platelet lysates.‘ 
Figure 5A. (lane 2) shows that many of the actin filaments in 
platelets can be sedimented from Triton X-100 lysates by 
low-speed centrifugation. Little GP Ib is associated with 
these filaments (Fig 5B, lane 2). The membrane-bound actin 
filaments require higher speed centrifugation to be sedi- 
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Fig5. Recovery of spectrin with the membrane-bound actin filaments. Platelets, surface labeled by the sodium metaperiodate / sodium 
ohydride method, were suspended in Tyrode's buffer and solubilized directly into sodium dodecyl sulfate (SDS)-containing buffer 
(lane 1 in each panel) or lysed by addition of an equal volume of a buffer containing 2% Triton X-100, 10 mmol/L of EGTA, and 100 mmol/L 
of Tris-HCI, pH 7.4. Lysates were centrifuged at 15,600 g at 4 °C for 4 minutes, and the Triton X-100 supernatant was centrifuged at 
100,000 g for a further 3 hours. The sediments obtained at low speed (lane 2 in each panel) and high speed (lane 3 in each panel) and the 
supernatant obtained at high speed (lane 4 in each panel) were analyzed on SDS-polyacrylamide gels containing 7.5% acrylamide (A) or 5% 
acrylamide (B and C). Polypeptides were detected with Coomassie brilliant blue stain (A), *H-labeled glycoproteins were detected by 
fluorography (B), and spectrin was detected on immunoblots using antibodies against brain spectrin (C). The protein analyzed in each lane 
originated from 30 uL of whole platelets. ABP, actin-binding protein; GP Ib,, glycoprotein Ib,. 


mented (100,000 g for 3 hours). At this g force, there is 
increased sedimentation of several platelet proteins, includ- 
ing actin filaments and actin-binding protein (Fig 5A, lane 
3) and GP Ib (Fig 5B, lane 3). This property of the 
membrane-associated actin filaments was used to provide 
further evidence that spectrin was selectively associated with 
these filaments. Figure 5C shows that, like GP Ib, little 
spectrin was associated with the actin filaments that could be 
sedimented from Triton X-100 lysates at low g forces (lane 
2). Spectrin, like GP Ib, was primarily associated with the 
actin filaments requiring high-speed centrifugation to be 
sedimented (Fig SC, lane 3). 

It has been shown that actin-binding protein links actin 
filaments and GP Ib on the plasma membranes of platelets.” 
To test whether spectrin was a component of this actin- 
binding protein-GP Ib linkage, actin filaments in platelet 
lysates were depolymerized with DNase I. The lysates were 
centrifuged at 100,000 g for 3 hours, and the resulting 
supernatant, which was free of actin filaments and contained 
proteins released from filaments during depolymerization, 
was used in immunoprecipitation experiments. Figure 6 
shows that the actin-binding protein-GP Ib complex was 
precipitated from the high-speed supernatant by actin- 
binding protein antibodies (Fig 6A and 6B, lane 1) and by 
GP Ib antibodies (Fig 6A and 6B, lane 2). Spectrin antibod- 
ies precipitated spectrin (Fig 6A, lane 4) but not actin- 
binding protein (Fig 6A, lane 4) or GP Ib (Fig 6B, lane 4), 
indicating that spectrin is not a component of the actin- 
binding protein—-GP Ib complex. 

Hydrolysis of spectrin during platelet activation. Fig- 
ure 7 shows that activation of platelets with the divalent 
cation ionophore A23187 resulted in hydrolysis of spectrin. 
The major degradation product was a polypeptide of mol wt 


160,000. A minor degradation product of mol wt 170,000 
was also apparent. The same degradation products were 
generated when platelets aggregated in response to thrombin 
(Fig 8). The major degradation product was apparent within 
seconds of addition of 0.1 NIH U of thrombin per milliliter. 
The amount of hydrolysis increased with time after thrombin 
was added (Fig 8, lanes | through 10). Hydrolysis was 
dependent on aggregation of platelets; it was not detected if 
platelets were prevented from aggregating by failure to stir 
the suspensions (data not shown). 

Hydrolysis of spectrin by the Ca°* -dependent protease in 
platelet lysates. Tt has been shown that the Ca*’-depen- 
dent protease within platelets is activated when platelets 
aggregate after stimulation by thrombin, collagen, or iono- 
phore A23187.” To determine whether hydrolysis of spectrin 
within aggregated platelets resulted from activity of the 
Ca’*-dependent protease, platelets were lysed with Triton 
X-100 under conditions in which the Ca**-dependent pro- 
tease was active. The degradation products produced in 
lysates were compared with those produced in intact cells. 
Figure 9A shows that spectrin was rapidly hydrolyzed. The 
major degradation product had a mol wt of 160,000. Prod- 
ucts with a mol wt of 210,000 and 170,000 were also 
generated. These three new polypeptides arose from activity 
of the Ca?*-dependent protease, as indicated by the inhibi- 
tion of their generation by leupeptin and EGTA (Fig 9A, 
lanes || and 12). N-Ethylmaleimide, another inhibitor of the 
Ca?*-dependent protease,” also inhibited hydrolysis of spec- 
trin (Fig 9A, lane 13). This inhibition, however, even at a 
concentration of 5 mmol/L of N-ethylmaleimide, was not as 
complete as with the other two inhibitors. Silver staining of 
SDS-gels showed that actin-binding protein and P235, the 
two major substrates of the platelet Ca’ *-dependent protease 
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Fig 6. Demonstration that spectrin is not a component of the 
actin-binding protein-GP Ib complex. Platelet suspensions were 
lysed with an equal volume of a buffer containing 2% Triton X-100, 
10 mmol/L of EGTA, 100 mmol/L of Tris-HCl, leupeptin 4 mg/mL, 
DNase | (1 mg/mL), 2 mmol/L of phenylmethylsulfonyl fluoride 
(PMSF), and 100 mmol/L of benzamidine, pH 7.4. Triton X- 
100-insoluble actin filaments were removed from the lysates by 
centrifugation at 100,000 g at 4°C for 3 hours. Precipitates 
obtained from immunoprecipitation of 1 mL of the Triton X- 
100-soluble fraction with 4.5 ug of actin-binding protein antibod- 
ies/ml (lane 1 in each panel), 1.3 mg of glycocalicin antibodies /mL 
(lane 2 in each panel), 1.3 mg of normal rabbit IgG/mL (lane 3 in 
each panel), and 1.3 mg of RBC spectrin antibodies/mL (lane 4 in 
each panel) were each solubilized in sodium dodecyl sulfate 
(SDS)-containing buffer. Solubilized proteins were electropho- 
resed on gels containing 5% acrylamide. Immunoprecipitated 
actin-binding protein and spectrin were detected with Coomassie 
brilliant blue stain (A); GP Ib was detected on immunoblots using 
antibodies against GP Ib (B). ABP, actin-binding protein: GP Ib, 
glycoprotein Ib. 


identified previously,” were hydrolyzed at a rate similar to 
that of spectrin. 


DISCUSSION 


Proteins immunologically and functionally similar to RBC 
spectrin have been described in many nonerythroid 
tissues.”"'* The best characterized of these proteins, that 
found in brain, is referred to as fodrin, calspectrin, or brain 
spectrin. Brain spectrin, like RBC spectrin, is a tetramer in 
which af heterodimers associate head to head and the tail 
regions bind to actin filaments.””’ Despite the similarities in 
structure and function, the brain and RBC proteins do differ, 
as indicated by their peptide maps”'® and the often weak 
reactivity of RBC spectrin antibodies against brain spec- 
trin. The « chains, despite their similar molecular weights 
(~240,000), show different peptide maps; the 8 chains differ 
in both peptide maps and mol wt (~235,000 for brain 
spectrin as compared with ~220,000 for RBC spectrin). In 
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Fig7. Hydrolysis of spectrin during activation of platelets with 
ionophore A23187. Plate!u: suspensions were solubilized in 
sodium dodecyl sulfate (SDS)-containing buffer (lane 1) or were 
stirred for 60 seconds at 37 °C with 1 umol/L of ionophore A23187 
before solubilization (lane 2). Solubilized proteins were electro- 
phoresed on SDS-polyacrylamide gels containing 5% acrylamide, 
and spectrin was detected on immunoblots using antibodies 
against brain spectrin as described in the legend of Fig 1. 


general, the spectrinlike proteins in mammalian nonery- 
throid cells appear to have mol wts similar to those of brain 
spectrin. It is becoming increasingly clear, however, that 
more then one isoform of nonerythroid spectrin can exist, 
even within the same tissue.*** 

Early attempts, using antibodies against RBC spectrin, 
failed to detect spectrin in platelets. More recent experi- 
ments detected a single polypeptide that comigrated on 
SDS-gels with the œ chain of mol wt 240,000 of RBC 
spectrin.” Because only one chain was detected in the latter 
study, it was not clear whether platelets contained the RBC 
form of spectrin or a form more closely related to brain 
spectrin. Because of the often low reactivity of RBC spectrin 
antibodies against spectrin in other tissues, we used brain 
spectrin antibodies to probe for spectrin in platelets. These 
antibodies detected two spectrin polypeptides both on SDS- 
gels of immunoprecipitated proteins and on immunoblots of 
total platelet proteins. The a chain of platelet spectrin 
comigrated with the a chain of mol wt 240,000 of RBC 
spectrin, whereas the 8 chain had a mol wt of 235,000. 
Platelets did not contain a polypeptide that comigrated with 
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Fig 8. Hydrolysis of spectrin during activa- en — 210K 
tion of platelets with thrombin. Platelet sus- 
pensions were solubilized in sodium dodecyl 
sulfate (SDS)-containing buffer (lane 1) or were oe "o eea. e 
stirred at 37 °C with thrombin 0.1 NIH U/mL for — 170K 


5 seconds (lane 2), 10 seconds (lane 3), 15 
seconds (lane 4), 20 seconds (lane 5), 30 sec- "woewe@ - © — 160 K 
onds (lane 6), 45 seconds (lane 7), 60 seconds 
(lane 8), 5 minutes (lane 9), and 10 minutes 
(lane 10) before solubilization. Also shown are 
samples from another experiment in which 
unstimulated platelets were solubilized with 
Triton X-100 and lysates incubated in the pres- 
ence of Ca?’ for 10 minutes (lane 11) or O 
minutes (lane 12) before solubilization. Solubi- 
lized proteins were electrophoresed on SDS- 


polyacrylamide gels containing 5% acrylamide, >- . 
and spectrin was detected on immunoblots 
using antibodies against brain spectrin as i23 485667 89 W 11 12 


described in the legend of Fig 1. 


the mol wt 220,000 chain of RBC spectrin; neither did a chains of platelet spectrin are similar to those of brain 
monoclonal antibody against the 8 chain of RBC spectrin spectrin. 

react with a polypeptide in platelets. We conclude, therefore, In RBCs, spectrin is the primary component of the mem- 
that platelets contain only one form of spectrin and that it is brane skeleton, a structure beneath the plasma membrane 
different from RBC spectrin. The mol wts of the a and 8 that regulates the shape of the cell.*’ The membrane skeleton 
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Fig 9. Hydrolysis of spectrin by the Ca’ -dependent protease in platelet lysates. Platelet suspensions were lysed by addition of an 
equal volume of buffer containing 2% Triton X-100, 100 mmol/L of Tris-HCI, 2 mmol/L of phenyimethylsulfony! fluoride (PMSF), and 100 
mmol/L of benzamidine, pH 7.4, and incubated at 25 °C. The incubation times for the lanes in both panels were as follows: 0 minutes (lane 
1). 5 seconds (lane 2), 10 seconds (lane 3), 15 seconds (lane 4), 30 seconds (lane 5), 2 minutes (lane 6), 5 minutes (lane 7), 10 minutes (lane 
8), 15 minutes (lane 9), and 30 minutes (lane 10). Incubations were also performed for 10 minutes in the presence of 5 mmol/L of EGTA 
(lane 11), leupeptin 1 mg/mL (lane 12), or 5 mmol/L of N-ethylmaleimide (lane 13). Incubations were terminated by addition of sodium 
dodecyl sulfate (SDS)-containing buffer, and polypeptides were separated by electrophoresis on SDS-polyacrylamide gels containing 5% 
acrylamide. Spectrin was detected on immunoblots using antibodies against brain spectrin (A); other polypeptides were detected by silver 
staining of the SDS-gels (B). ABP, actin-binding protein; P235, platelet polypeptide of mol wt 235,000 that appears to be similar to 
talin.” 
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is composed of short actin filaments that are cross-linked into 
networks by spectrin, which also links the networks to the 
plasma membrane. Immunofluorescence studies of several 
cell types,'"'''* including platelets,’ have indicated that 
spectrin lies just under the plasma membrane in these cells 
too, raising the possibility that nonerythroid spectrin func- 
tions in the same way as RBC spectrin. We recently reported 
that a small pool of the filamentous actin in platelets is 
associated with glycoproteins on the plasma membrane.*”’ 
We suggested that the membrane-associated filaments may 
function like the membrane skeleton of RBCs in that they 
may play a role in regulating the shape of the platelet.’ 
Because the filaments that are attached to the membrane 
glycoproteins can be separated from other actin filaments 
within platelets,* it was possible to test whether spectrin was 
associated with the membrane-bound filaments. The results 
reported here show that spectrin is indeed associated with the 
membrane-bound filaments in platelets. 

A previous study’ has shown that one of the major 
components of the membrane-bound filamentous network in 
platelets is actin-binding protein. Like spectrin, it associates 
head to head, and the free tails of the polypeptide chains bind 
to actin filaments.” Like spectrin in RBCs, actin-binding 
protein in platelets connects the cross-linked filaments to 
glycoproteins on the plasma membrane.’ The present study 
shows that although spectrin is an additional component of 
the membrane-bound actin filament network in platelets, it is 
present in very small amounts as compared with actin- 
binding protein, which is one of the major platelet proteins. 
These observations suggest that the membrane-bound fila- 
mentous network in platelets differs from RBC membrane 
skeleton in that in platelets, actin-binding protein provides 
the major linkage between actin filaments and the plasma 
membrane, whereas in RBCs, spectrin is the major compo- 
nent of this linkage. If spectrin functions in platelets in the 
same way it does in RBCs, it would be expected to link actin 
filaments to a plasma membrane glycoprotein. Although 
spectrin does not appear to be involved in the linkage 
between actin-binding protein and GP Ib, it may provide an 
additional linkage between actin and an as-yet-unidentified 
component of the plasma membrane. Alternatively, spectrin 
in nonerythroid cells may function differently from its coun- 
terpart in RBCs. There is some evidence, for example, that 
spectrin may associate with microtubules.” The potential 
role of platelet spectrin in linking the membrane-associated 
filaments to the plasma membrane glycoproteins, microtu- 
bules, or other actin filaments awaits further study. 

One of the initial responses of platelets to stimulation is 
their transformation from discs into irregular spheres.“ 
Later, platelets undergo dramatic changes in shape as they 
spread on surfaces*’ or extend long filopodia during the 
process of clot retraction.” By analogy to the RBC, in which 
alterations in the membrane skeleton produce changes in cell 
shape,” the early changes in shape that platelets undergo in 
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response to activation could result from reversible modifica- 
tions of components of the membrane-bound filamentous 
network The later changes in the shape of the platelet 
membranes are so dramatic that the membrane-bound net- 
work would probably have to be disrupted for these changes 
to occur. Such a disruption has deen shown to result from 
activaticn of the Ca**-dependent protease within platelets. 
This protease hydrolyzes actin-binding protein,” resulting in 
release of the actin filaments from their attachment to GP Ib 
on the plasma membranes.’ The results presented here show 
that platelet spectrin is also a substrate for the Ca’*- 
dependent protease and is hydrolyzed during platelet activa- 
tron with a time course similar to that reported for hydrolysis 
of actin-dinding protein and P235. We reported that the 
Ca’*-dependent protease is only activated in stimulated 
platelets if the platelets are allowed to aggregate.” A similar 
aggregation dependency for the hydrolysis of spectrin within 
platelets was detected in this study. In platelet lysates, 
hydrolyss of spectrin by the Ca**-dependent protease 
resulted n generation of three degradation products (mol wt 
210,000, 170,000, and 160,000). In intact platelets, in which 
hydrolysis was more limited, the mol wt 160,000 product was 
the most readily detected. The mo! wt of this major degrada- 
tion procuct is similar to the mol wt 150,000 reported by 
Siman and co-workers for the product of hydrolysis of brain 
spectrin by purified Ca’*-dependent protease.“ 

Many of the proteins that are considered candidates for 
linkage proteins between actin filaments and plasma 
membrares in non-muscle cells (for example, actin-binding 
protein, vinculin, œ-actinin, protein 4.1, and P235) are 
substrates for the Ca’*-dependent protease." 4 Further- 
more, it was recently shown that the Ca’*-dependent pro- 
tease, previously thought to be a cytosolic enzyme,” can bind 
to RBC membrane in an interaction that activates the 
enzyme.“ These observations, together with the finding that 
activatior of the Ca’*-dependent protease during platelet 
activatior results in hydrolysis of actin-binding protein and 
disruption of the interaction between actin filaments and GP 
Ib, emphasize the importance of the Ca’*-dependent pro- 
tease in regulating the interaction of actin filaments with 
plasma membranes. The finding that spectrin is an addi- 
tional component of the membrane-bound filamentous net- 
work in platelets and that it is hydrolyzed by the Ca?*- 
dependen- protease during platelet activation suggests still 
another mechanism for regulation of the membrane-bound 
actin filaments during platelet activation. 


ACKNOWLEDGMENT 


We thank Pamela Steffen and Chfford Wong for excellent 
technical assistance, James X. Warger and Norma Jean Gargasz for 
graphics, Al Averbach and Sally Guilatt Seechafer for editorial 
assistance, and Michele Prator and Kate Sholly for manuscript 
preparation. 


REFERENCES 


1. White JG: Platelet microtubules and microfilaments: Effects 
of cytochalasin B on structure and function, in Caen J (ed): Platelet 
Aggregation, Paris, Masson et Cie, 1971, p 15 


2. White JG, Burris SM, Tukey D. Smith C If, Clawson CC: 
Micropipetie aspiration of human platelets: Influence of microtu- 
bules and actin filaments on deformability. Blood 64:210, 1984 





PLATELET SPECTRIN 


3. White JG, Rao GHR: Influence of a microtubule stabilizing 
agent on platelet structural physiology. Am J Pathol 112:207, 1983 

4. Fox JEB: Linkage of a membrane skeleton to integral mem- 
brane glycoproteins in human platelets. Identification of one of the 
glycoproteins as glycoprotein Ib. J Clin Invest 76:1673, 1985 

5. Fox JER: Identification of actin-binding protein as the protein 
linking the membrane skeleton to glycoproteins on platelet plasma 
membranes..J Biol Chem 260:11970, 1985 

6. Cohena=M: The molecular organization of the red cell mem- 
brane skeleton. Semin Hematol 20:141, 1983 

7. Lux SE: Dissecting the red cell membrane skeleton. Nature 
281:426, 1979 

8. Anderson RA, Lovrien RE: Glycophorin is linked by band 4.1 
protein to ihe human erythrocyte membrane skeleton. Nature 
307:655, 1954 

9. Bennett V, Davis J, Fowler WE: Brain spectrin, a membrane- 
associated protein related in structure and function to erythrocyte 
spectrin. Nature 299:126, 1982 

10. Burridge K, Kelly T, Mangeat P: Nonerythrocyte spectrins: 
Actin-membrane attachment proteins occurring in many cell types. 
J Cell Biol 95:478, 1982 

11, Glenny JR Jr, Glenny P: Fodrin is the general spectrin-like 
protein fourd in most cells whereas spectrin and the TW protein 
have a restricted distribution. Cell 34:503, 1983 

12. Goodman SR, Zagon IS, Kulikowski RR: Identification of a 
spectrin-like protein in nonerythroid cells. Proc Natl Acad Sci USA 
78:7570, 1981 

13. Levine J, Willard M: Fodrin: Axonally transported polypep- 
tides associated with the internal periphery of many cells. J Cell Biol 
90:631, 198) 

14. Repasky EA, Granger BL, Lazarides E: Widespread occur- 
rence of avian spectrin in nonerythroid cells. Cell 29:821, 1982 

15. Bennett V: Immunoreactive forms of human erythrocyte 
ankyrin are present in diverse cells and tissues. Nature 281:597, 
1979 

16. Davis JQ, Bennett V: Brain ankyrin. Purification of a 72,000 
M, spectrin-binding domain. J Biol Chem 259-1874, 1984 

17. Baines AJ, Bennett V: Synapsin I is a spectrin-binding 
protein immunologically related to erythrocyte protein 4.1. Nature 
315:410, 1955 

18. Cohen CM, Foley SF, Korsgren C: A protein immunologi- 
cally related to erythrocyte band 4.1 is found on stress fibres of 
non-erythroad cells. Nature 299:10648, 1982 

19. Davies GE, Cohen C: Platelets contain proteins immunologi- 
cally related to red cell spectrin and protein 4.1. Blood 65:52, 1985 

20. Goodman SR, Casoria LA, Coleman DB, Zagon IS: Identifi- 
cation and cation of brain protein 4.1. Science 224:1433, 1984 

21. Spiegel JE, Beardsley DS, Southwick FS, Lux SE: An 
analogue of the erythroid membrane skeletal protein 4.1 in nonery- 
throid cells_J Cell Biol 99:886, 1984 

22. Fox JEB, Boyles J, Reynolds C, Phillips DR: Actin hlament 
content ane organization in unstimulated platelets. J Cell Biol 
98:1985, 1984 

23. Fox JEB, Reynolds CC, Phillips DR: Calcium-dependent 
proteolysis occurs during platelet aggregation. J Biol Chem 
258:9973, 1983 

24. Laemmli UK: Cleavage of structural proteins during the 
assembly ofthe head of bacteriophage T4. Nature 227:680, 1970 

25. Wray W, Boulikas T, Wray VP, Hancock R: Silver staining 
of proteins in polyacrylamide gels. Anal Biochem 118:197, 1981 

26. Bennett V, Branton D: Selective association of spectrin with 
the cytoplasmic surface of human erythrocyte plasma membranes. 
Quantitative determination with purified [*’P]spectrin. J Biol Chem 
252:2753, £977 

27. Tyler JM, Reinhardt BN, Branton D: Associations of eryth- 


545 


rocyte membrane proteins. Binding of purified bands 2.1 and 4.1 to 
spectrin. J Biol Chem 255:7034, 1980 

28. Fox JEB, Goll DE, Reynolds CC, Phillips DR: Identification 
of two proteins (actin-binding protein and P235) that are hydrolyzed 
by endogenous Ca**-dependent protease during platelet aggrega- 
tion. J Biol Chem 260:1060, 1985 

29. Harris AS, Green LAD, Ainger KJ, Morrow JS: Mechanism 
of cytoskeletal regulation (1): Functional differences correlate with 
antigenic dissimilarity in human brain and erythrocyte spectrin. 
Biochim Biophys Acta 830:147, 1985 

30. Towbin H, Staehelin T, Gordon J: Electrophoretic transfer of 
proteins from polyacrylamide gels to nitrocellulose sheets: Procedure 
and some applications. Proc Natl Acad Sci USA 76:4350, 1979 

31. O'Halloran T, Beckerle MC, Burridge K: Identification of 
talin as a major cytoplasmic protein implicated in platelet activation. 
Nature 317:449, 1985 

32. Phillips DR, Jakabova M: Ca’*-dependent protease in human 
platelets. Specific cleavage of platelet polypeptides in the presence of 
added Ca?*. J Biol Chem 252:5602, 1977 

33. Davis J, Bennett V: Brain spectrin. Isolation of subunits and 
formation of hybrids with erythrocyte spectrin subunits. J Biol Chem 
258:7757, 1983 

34. Riederer BM, Zagon IS, Goodman SR: Distinct spectrin 
subtypes in mammalian brain. J Cell Biol 101:286a, 1985 (abstr) 

35. Shile P, Harris A, Morrow J: Human skeletal muscle contains 
unique tissue specific spectrin isoforms. Fed Proc 44:742, 1985 
(abstr) 

36. Painter RG, Sheetz M, Singer SJ: Detection and ultrastruc- 
tural localization of human smooth muscle myosin-like molecules in 
human nonmuscle cells by specific antibodies. Proc Nat! Acad Set 
USA 72:1359, 1975 

37. Boyles JK, Fox JEB, Phillips DR, Stenberg P: Orgamzation 
of the cytoskeleton in resting, discoid platelets: Preservation of actin 
filaments by a modified fixation that prevents osmium damage. J 
Cell Biol 101:1463, 1985 

38. Hartwig JH, Stossel TP: Structure of macrophage actin- 
binding protein molecules in solution and interacting with actin 
filaments. J Mol Biol 145:563, 1981 

39, Ishikawa M, Murofushi H, Sakai H: Bundling of microtu- 
bules in vitro by fodrin. J Biochem (Tokyo) 94:1209, 1983 

40. White JG: Fine structural alterations induced in platelets by 
adenosine diphosphate. Blood 31:604, 1968 

41. Baumgartner HR, Haudenschild C: Adhesion of platelets to 
subendothelium. Ann NY Acad Sci 201:22, 1972 

42. Cohen I. Gerrard JIM, White JG: Ultrastructure of clots 
during isometric contraction. J Cell Biol 93:775, 1982 

43. Mohandas N, Chasis JA, Shohet SB: The influence of 
membrane skeleton on red cell deformability, membrane material 
properties, and shape. Semin Hematol 20:225, 1983 

44. Siman R, Baudry M, Lynch G: Brain fodrin: Substrate for 
calpain I, an endogenous calcium-activated protease. Proc Natl 
Acad Sci USA 81:3572, 1984 

45. Gache Y, Landon F, Olomucki A: Polymorphism of a-actinin 
from human blood platelets. Homodimeric and heterodimeric forms. 
Eur J Biochem 141:57, 1984 

46. Evans RR, Robson RM, Stromer MH: Properties of smooth 
muscle vinculin. J Biol Chem 259:3916, 1984 

47. Ling L, Sapirstein V: Phorbol ester stimulates the phos- 
phorylation of rabbit erythrocyte band 4.1. Bichem Biophys Res 
Commun 120:291, 1984 

48. Pontremoli S, Melloni E, Sparatore B, Salamino F. Michetti 
M, Sacco O, Horecker BL: Binding to the erythrocyte membrane is 
the physiological mechanism for activation of Ca’*-dependent new- 
tral proteinase. Biochem Biophys Res Commun 128:331, 1985 


Leukemic Blast Cell Colony Formation in Semisolid Culture 
With Erythropoietin: A Case Report of Acute Poorly 
Differentiated Erythroid Leukemia 


By Masao Tomonaga, Itsuro Jinnai, Masuko Tagawa, Tatsuhiko Amenomori, Kenji Nishino, Evichi Yao, Hiroaki Nonaka, 
Kazutaka Kuriyama, Yoshiharu Yoshida, Tatsuki Matsuo, Michito Ichimaru, and Tadashi Suematsu 


The bone marrow of a patient with acute undifferentiated 
leukemia developed unique colonies after a 14-day culture 
in erythropoietin (EPO)-containing methylcellulose. The 
colonies consisted of 20 to 200 nonhemoglobinized large 
blast celis. Cytogenetic analysis of single colonies revealed 
hypotetraploid karyotypes with several marker chromo- 
somes that were identical to those found in directly sam- 
pled bone marrow. The concurrently formed erythroid 
bursts showed only normal karyotypes. No leukemic colony 
formation was observed in other culture systems with 
either colony-stimulating activity (CSA) or phytohemagglu- 
tinin-stimulated leukocyte-conditioned medium (PHA- 
LCM). The leukemic colonies exhibited a complete EPO- 
dose dependency similar to that of the patient's normal 
BFU-E. Although cytochemical and immunologic marker 


EUKEMIC CELLS from patients with acute myeloid 

leukemia (AML) can form colonies composed of leu- 
kemic blasts in semisolid medium containing colony-stimu- 
lating factor (CSF)'” or phytohemagglutinin-stimulated leu- 
kocyte-conditioned medium (PHA-LCM).°* Izaguirre and 
colleagues also developed a culture method containing PHA- 
stimulated T cell-conditioned medium (TCM) and obtained 
leukemic colonies from patients with acute lymphocytic 
leukemia (ALL).’ Recently, Dicke and co-workers reported 
a double-agar layer method with PHA and CSF in the 
underlayer and obtained leukemic colonies from patients 
with either AML or ALL.* The clonogenic cells in these 
leukemic colonies were designated leukemic colony-forming 
units (L-CFU).”"° Among various biological features of 
L-CFU so far elucidated, especially in the PHA-LCM 
system, self-renewal function as measured by secondary 
plating efficiency (PE2) appears to be of special importance 
because it defines the stem cell nature of at least a part of 
these cells.'''? In this article, we describe the first instance of 
leukemic blast cell-colony formation in erythropoietin 
(EPO)-containing methylcellulose culture from a patient 
with acute undifferentiated leukemia with ultrastructural 
evidence of erythroid differentiation and distinct chromo- 
somal aberration. 
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studies of the bone marrow cells failed to clarify the cell 
lineage cf the leukemic cells with extraordinarily large cell 
size, ultrastructural study revealed erythroid differentia- 
tion such as siderosome formation in the cytoplasm and 
ferritin particles in the rhopheocytosis invaginations. 
These findings indicate that the patient had poorly differ- 
entiated erythroid leukemia and that some of the clono- 
genic celis might respond to EPO in vitro. Corresponding to 
this biolegical feature, the leukemic cells were markedly 
decreased in number in response to repeated RBC transfu- 
sions, and partial remission was obtained. These observa- 
tions sucgest that erythroid leukemia distinct from eryth- 
roleukemia (M6) with a myelcblastic component, can 
develop as a minor entity of human acute leukemia. 

© 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 
Case Report 


The patient, a 50-year-old man, was admitted to a focal hospital 
on Septernber 10, 1983, because of a heel bone fracture. No 
abnormality was found in his peripheral blood, but pancytopenia 
developed rapidly during the next 2 months. He was transferred to 
our department on November 21, 1983. On admission, he was 
anemic and appeared acutely iH. No lymphadenopathy or spleno- 
megaly was found. The liver was palpated 3 cm below the right 
costal margin. The hemoglobin (Hb) level was 5.8 g/dL. The WBC 
count was 3.6 x 10°/L with 52% mature neutrophils, 40% lympho- 
cytes, 2% eosinophils, and 6% monocytes. The platelet count was 
4} x 10°/L. Initial bone marrow aspirate was highly cellular, with 
31.6% abnormal blast cells, 1.0% myeloblasts, 5.9% promyelocytes, 
6.8% myelocytes, 7.4% metamyelocytes, 32.8% mature neutrophils, 
1.6% pronormoblasts, and 2.8% normoblasts. Megakaryocytes were 
decreased in number. The abnormal cells were extraordinarily large 
(30 to 40 um in diameter), had a finely reticulated chromatin 
pattern, aad moderate to strongly basophilic cytoplasm with some 
vacuoles but no granules (Fig 1). A few cells resembled pronormo- 
blasts on May-Grunwald Giemsa (MG)-stained film, The patient 
was given 3 U of packed RBC for the next 3 days and recovered. 
After this transfusion, peripheral blood findings improved and were 
stable for ~40 days with Hb 8.3 g/dL and WBC 4.55 x 10°/L: bone 
marrow showed a marked reduction of abnormal cell percentage to 
3.4%, and erythroblastic elements were elevated to 65.6% (Decem- 
ber 20, 1933). On January 6, 1984, however, leukemic cells in the 
bone marrow again increased to 30%. A low-dose cytosine arabino- 
infusion for 16 days) was begun. A partial remission, with <5% 
abnormal cells, was obtained (February 8, 1984), but the leukemic 
cells begar to increase again (February 20, 1984). The patient was 
further treated with the same regimen for 32 days. A second partial 
remission was obtained (April 10, 1984) but was transient, with a 
resultant imcrease of leukemic cells to 10% (April 24, 1984). A more 
intensive chemotherapy with ara-C and daunorubicin did not induce 
remission, and the leukemic cell proliferation became extensive, with 
rapidly increasing hepatosplenomegaly. The patient soon died of 
pneumonia and intestinal bleeding. 
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Fig 1. May-Grunwald Giemsa (MG) stain of the initial bone 
marrow (November 28, 1983) shows an increase (31.6%) of 
primitive blast cells with uniformly large cell sizes, a finely reticu- 
lated chromatin pattern, and several vacuoles. A few of them 
resemple normal pronormoblasts, exhibiting concentric nucleus 
and deeply basophilic cytoplasm with perinuclear halo (original 
magnification x400; current magnification x 264.). These abnor- 
mal blasts were negative for myeloperoxidase, specific and non- 
specific esterases, and hemoglobin stains. The bone marrow has 
well-preserved normal granulocytic elements, but those of the 
erythroid series are markedly reduced in number. 


Cytological Analysis 

Cytochemical stains used were myeloperoxidase (MPO),'* dual- 
esterase stain for naphthol-ASD chloroacetate esterase and a- 
naphthyl butyrate esterase,"* acid phosphatase," 8-glucuronidase,"* 
periodic acid-Schiff (PAS),"" and Hb." Ultrastructural study of 
bone marrow cells was performed by routine double staining with 
uranyl acetate and lead citrate and cytochemical staining for 
MPO.” 

For immunological marker analysis, several monoclonal antibod- 
ies such as JS (common ALL antigen, CALLA, Coulter Immunolo- 
gy, Hialeah, FL); Leu | and HLA-DR (Becton Dickinson, Moun- 
tain View, CA), and OKM 1 (Ortho Pharmaceuticals, Raritan, NJ) 
were used. Terminal deoxynucleotidyl transferase (TdT) was 
detected by indirect immunofluorescence using anti-TdT antibody 
(Bethesda Research Labs, Gaithersburg, MD). 


Colony Formation 


CFU-E and BFU-E Assay.” Bone marrow buffy coat cells were 
collected after centrifugation at 1,200 rpm for 10 minutes. Cells 
(2 x 10°) were plated in 1.0 mL of a-medium containing a final 
concentration of 0.88% methylcellulose, 30% fetal calf serum (FCS), 
1% bovine serum albumin (BSA) and | U/mL of EPO (step III, 
Connaught, Canada) and cultured in a 35-mm Falcon plastic dish. 
For testing EPO-dose response by L-CFU, BFU-E, and CFU-E, 
EPO was added to final concentrations of 0, 0.1, 0.25, 0.5, and 1.0 
U/mL, respectively. CFU-E and BFU-E were scored at day 7 and 
day 14, respectively. 

CFU-GM Assay.” Bone marrow light-density mononuclear 
cells (10°) were cultured in a 35-mm Falcon plastic dish containing | 
mL of a-medium with 0.88% methylcellulose, 20% FCS, 10% giant 
cell tumor—conditioned medium (GTC-CM) (GIBCO, Grand 
Island, NY). Cell aggregates consisting of >20 cells were scored as 
colonies on day 8. 

L-CFU assay.“ T cell-depleted bone marrow mononuclear cells 
(2 x 10°) were plated in a 35-mm Falcon plastic dish containing 
0.88% methylcellulose and 10% PHA-LCM. After 7-day incuba- 
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tion, cell aggregates consisting of >20 cells were scored as colonies 
This method allowed the detection of L-CFU colonies in 32 (82.5%) 
of 40 AML cases. 


Cytogenetic Analysis 

Bone marrow cells were processed directly for chromosomal 
preparation, and cytogenetic analysis was performed using standard 
methods and/or the G-banding method.” 

Chromosome analyses of individual colonies were performed by 
our own method described elsewhere.” In brief, individual colonies 
were aspirated and transferred into a droplet (10 uL) of prewarmed 
0.075 mol/L of KCI solution placed on a poly-L-Lysine-coated slide 
(Sigma Chemical, St Louis). After thorough mixing, the slide 
remained for 35 minutes at 37° C to allow the cells to attach. The 
slide was fixed, first with 30% fixative (3:1 methanol:acetic acid 
diluted with 0.075 mol/L of KCI), second with 20% ethanol diluted 
with 0.075 mol/L of KCI, and third with 100% fixative. The slide 
was then flame-dried and stained with Giemsa and/or Q-banded. 
This method yielded analyzable metaphases even from small colo- 
nies containing <40 cells. All laboratory examinations and in vitro 
assays were performed with informed consent from the patient 


RESULTS 
Cytological Features of the Leukemic Cells 


The undifferentiated, extraordinarily large leukemic cells 
were MPO, both types of esterase’. acid phosphatase’ 
(86%), 8-glucuronidase , PAS’, and Hb’. They were also 
ultrastructurally MPO. Immunological marker study dis- 
closed CALLA’, Leu 1”, TdT”, OKMI , and HLA-DR 
(12%). Transmission electron microscopic examination 
revealed distinct siderosome formation in the cytoplasm of 
<5% of the leukemic cells and fairly abundant rhopheocy- 
totic invaginations and vesicles containing ferritin particles 
in half of the leukemic cells (Fig 2A, B, C). 


Cytogenetic Findings in Bone Marrow Cells 


Results of the serial cytogenetic studies are shown in Table 
1. Abnormal hypotetraploid karyotypes were found on initial 
examination. Most of them had several identical marker 
chromosomes (Fig 2A). Repeated examinations revealed a 
considerable karyotypic instability (data not shown). Nor- 
mal karyotypes were also present, but as a minor population. 
During the first partial remission, a clone with hypodiploid 
karyotypes was also observed. The relationship of the hypodi- 
ploid clone to the hypotetraploid clone could not be clearly 
explained. The hypotetraploid clone may represent the giant 
leukemic blast cells because they are known to have an excess 
amount of chromosomal materials. 


Leukemic Blast Cell Colony Formation in E PO-Containing 
Culture 


Erythroid colony assay of the bone marrow performed at 
the time of partial remission (January 6, 1984) disclosed 
bizarre colonies (Fig 3) consisting of 20 to 200 large nonhe- 
moglobinized cells as well as well-hemoglobinized erythroid 
burst formation (Table 2). These two types of colonies 
reached maximum number on day 14 and did not form a 
single mixed colony. The cells from the bizarre colonies were 
uniformly large blast cells on MG-stained cytospin-smears 
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Fig 2. 


(A) Transmission electron microscopic features of a leukemic blast. The blast is large (40 um). has prominent nucleoli, fine 


chromatin structure without condensation, elongated endoplasmic reticulum, and occasional lysosomal granules and lipids (original 
magnification x 9,200; current magnification x 5,796). It possesses both siderosoma (—+) and rhopheocytotic invagination (>=). (B) Higher 
magnification of the siderosome (original magnification 76,000; current magnification 47,880). (C) Higher magnification of the 
rhopheocytotic invagination with ferritin particles (original magnification x 76,000; current magnification « 47.880), 


and resembled the leukemic cells in the bone marrow. They 
were negative for Hb, dual-esterase, and MPO stains. Cyto- 
genetic analysis from individual day 14 colonies including 
normal-appearing erythroid bursts obtained from the relaps- 
ing bone marrow (February 20, 1984) was performed (Table 
3). Karyotypes from the bizarre colonies revealed hypotetra- 
ploidy with several identical marker chromosomes, indicat- 
ing that they belonged to a single abnormal clone (Fig 4B). 
Furthermore, these karyotypes carried marker chromosomes 
identical to those observed in the hypotetraploid karyotypes 
of the directly sampled bone marrow (Fig 4A). In contrast, 
karyotypes from erythoid bursts were all normal, showing 46, 
XY. 


No leukemic colony formation was observed after cultur- 


Table 1. Serial Cytogenetic Study on Directly Sampled Bone 
Marrow Cells 


No. of Raryotypes 
Metaphases* Hypodiploid Hypotetraploid 
Date Analyzed 46, XY (%) (%)t (%)t 
Nov 28, 1983 32 6 (19) O (0) 26 (81) 
Dec 20, 1983 29 9 (31) 16 (55) 4 (14) 
Jan 6, 1984 34 6 (18) 0 (0) 28 (82) 
Feb 20, 1984 13 2 (15) 0 (0) 11 (85) 
April 10, 1984 30 12 (40) 1 (3) 17 (57) 
April 25, 1984 11 1 (9) O (0) 10 (91) 


*All metaphases were photographed and karyotyped. 

Chromosome number ranging from 43 to 46; modality 45. 

Chromosome number ranging from 66 to 89; modalities 77, 78, and 
80 at different dates of cytogenetic examinations. 


ing with CCT-CM or PHA-LCM. The data of serial colony 
assays are summarized in Table 2. The numbers of CFU- 
GM and erythroid bursts had recovered considerably at the 
time of partial remissions. 


EPO-Dose Response by L-CFU 


Figure 5 shows the EPO-dose—response curves for leu- 
kemic colanies and erythroid colonies from the bone marrow 


» 
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Fig 3. 


Leukemic blast cell colony observed in day 14 erythro- 
poietin containing culture shows an aggregation of large nonhemo- 
globinized cells (original magnification x200). 
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Table 2. Serial Assays of Colony-Forming Cells 


saarnan hiai A a as s aansen A AAAA AA AA aaniaeanintAa ECS CCL TO regret Oe 


Celis Nov 28, 1983 Jan 6, 1984 Feb 20. 1984 April 10, 1984 April 24, 1984 
CFU-GM 90 +6 15 +2 T+ 448 + 14 56+ 8 
CFU-E -< 120 + 20 _ 121 £ 37 59 + 18 
BFU-E _ 54 + 10 16+ 1 80 + 12 35 + 8 
L-CFU in EPO culture * = 10 +3 1523 0 3142 
L-CFU is PHA-LCM culturet oe — 0 ~~ — 


an AAAA AAA niai A A aaan m n AA et paaa a 


E A A E a a a a a a a t———tneti 
EPO, erythropoietin; PHA-LCM, phytohemagglutinin-stimulated leukocyte-conditioned medium. L-CFU, leukemic colony-forming unit. Each colony 
number shows the mean +SD of triplicate cultures. 
Normal value for each colony-forming unit; CFU-GM 117 to 210 {mean 160) per 1 x 10° light-density bone marrow cells, CFU-E 145 to 230 (mean 
182) per 2 x 10° bone marrow buffy coat cells; BFU-E 72 to 122 (mean 94) per 2 x 10° bone marrow buffy coat cells. 





*Counted on day 14 of culture. 
¢Counted on day 7 of culture. 


specimen obtained on April 24, 1984. The response curve of 
L-CFU was similar to those of CFU-E and BFU-E but 
appeared to be slightly higher at EPO concentration of 0.1 
U/mL. A few leukemic colonies with <30 cells developed 
spontanecusly without EPO. 


DISCUSSION 


The extraordinarily large leukemic blast cells of this 
patient lacked evidence of differentiation toward specific cell 
lineage on conventional cytochemical and cell surface 
marker analyses. Ultrastructural investigation demon- 
strated, however, at least in some of the leukemic cells, 
distinct siderosome formation in the cytoplasm and ferritin 
particles in the rhopheocytotic invaginations on the cell 
surface membrane. These findings provide evidence of ery- 
throid difterentiation’** proceeding in the leukemic cell 
population. Recently, Reiffers and co-workers reported two 
similar cases of acute undifferentiated leukemia.” Clinical 
and hematologic features common to these three cases are 
(a) relatively advanced age (>50 years), (b) poor response to 
conventional chemotherapy, (c) low WBC count with mini- 
mal or absent leukemic blasts in the peripheral blood, (d) 
extraordinarily large leukemic cells, (e) high ploidy and 
instability of karyotype, (f) ultrastructural evidence of ery- 
throid differentiation and (g) lack of simultaneous prolifera- 
tion of peroxidase-positive myeloid precursor cells. These 
characteristics suggest the possibility that this type of acute 
leukemia is a clinical entity distinct from erythroleukemia 
(M6) with a myeloblastic component,” and may be a poorly 
differentiated type of acute erythremia.*”! 

It is net yet clear whether the immunologic markers of 
erythroid differentiation such as glycophorin A and spectrin 
can be demonstrated on these poorly differentiated leukemic 
cells. Detection of such markers using monoclonal or hetero- 
logous antibodies may reveal an erythroid nature of undiffer- 


entiated leukemia." These markers were also demon- 
strated, however, on AML blasts™ and K562 cells with 
simultaneous expression of myeloid antigen.” Therefore, 
combined ultrastructural and immunological analyses of 
future cases of undifferentiated leukemia must be conducted 
to clarify the kind of markers that provide the earliest and 
consistent evidence of erythroid differentiation in leukemic 
cells. 

The bizarre nonhemoglobinized colonies that developed 
concurrently with the patient’s normal erythroid bursts ik 
EPO-containing culture apparently derived from the leu- 
kemic clone, as evidenced by the presence in single colonies 
of a common karyotypic abnormality identical to that of the 
leukemic clone in the bone marrow. The L-CFUs from our 
patient did not develop colonies in other culture systems with 
GCT-CM or PHA-LCM, indicating that the L-CFUs 
responded to EPO itself in the culture medium. There 
remains a minor possibility of response to another activity, 
however, such as burst-promoting activity (BPA) contami- 
nating the partially purified EPO material. We found no 
report of leukemic blast cell colony formation in BFU-E 
assay or leukemic colonies expressing erythroid markers in 
other culture systems. Clonal culture studies in acute 
erythroleukemia (M6) are also few.” Suda and co-workers 
examined colony formation in the bone marrow cells from 
four patients with erythroleukemia, using a plasma clot 
system containing EPO and Minden’s PHA-LCM system.” 
They observed defective erythroid colony formation in all 
cases. They did not note blast cell colony formation in 
EPO-containing system, although the PHA-LCM system 
yielded blast cell colonies that evidenced granulocytic differ- 
entiation. Thus, their findings in erythroleukemia are dis- 
tinct from our present observation. 

The L-CFUs from our patient showed an almost complete 
dependency when EPO was added to the culture. The 


Table 3. Cytogenetic Analysis from Single Colonies Growing in Erythroid Cuiture* 





No. of Colonies with an 


Colony Mo. of Colonies Aspirated Analyzable Metaphaset 46, XY Hypodipiaidy Hypotetraptoidy 
BFU-EY 24 11 11 (100%) 0 0 
L-CF UH 8 6 Q 0 6 {100%} 


Apanui nin reme a a enaa nanan crt rem wi 


Rt Rett tt 
*Culture for the bone marrow cells of February 20, 1984, when the leukemia began to relapse from partial remission. 

+All metaphases were photographed and karyotyped. 

{Aspiration of each colony was performed on day 14 of culture. L-CFU: leukemic colony-forming unit. 
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Fig4. (A) Representative G-banded karyo- 
type of the metaphases obtained from directly 
sampled bone marrow (November 28, 1983) 
shows hypotetraploidy and several marker 
chromosomes. Most of the metaphases carry 
marker chromosomes, indicating that they 
belong to a single abnormal clone. (B) 
Q-banded karyotype of the metaphase ob- 
tained from a leukemic colony shows hypo- 
tetraploidy and several marker chromosomes. 
Markers 2, 3, 4, 7, and 9 are common between 
the metaphases, and markers 2, 4. and 9 are 
identical to markers 2, 4, and 6. respectively, of 
the karyotype of the direct bone marrow sam- 
ple, providing evidence that the blest cell colo- 
mes derive from the leukemic clone 





dose-response curve was similar to those of the patient’s own 
normal BFU-Es and CFU-Es, but the L-CFUs showed a 
slightly higher sensitivity at the lowest dose of EPO. Theoret- 
ically, this hypersensitivity may explain the in vivo growth 
advantage of the leukemic clone over the norma! erythroid 
progenitors. The reduction of the leukemic cell number in the 
i bone marrow was rapid and marked after repeated transfu- 
A sions, suggesting that a kind of feedback phenomenon 
E occurred and induced a clinical partial remission without the 
use of chemotherapeutic agents. This observation indirectly 
supports the view that the leukemic cell proliferation in vivo 


ae 


was at least in part dependent on a given concentration of 
EPO. The feedback phenomenon in our patient mimics the 
marked erythroid depression inducible in patients with ery- 
Fig 5. Erythropoietin (EPO) dose-response curves. The throleukemia by hypertransfusion.?* 
response curve of leukemic colony forming unit (@) is similar to leukemic blast cell colony formation has been observed in 
Mar ae R a E a semisolid culture with either PHA-LCM, PHA-TCM, PHA 
U/mL. A few small leukemic colonies developed without EPO. The Plus CSA, CSA alone, T type hairy cell-conditioned medium 
colony numbers at EPO 1.0 U/mL were regarded as 100%. or human bladder carcinoma cell line-conditioned medium 
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(HTB9-CM).® Nothing is known at present about the kind 
of activity that in the various conditioned media stimulates 
L-CFUs and supports the cell lineage-specific differentiation 
of L-CFUs. Hoang and co-workers recently separated leu- 
kemic blast growth factor (LBGF) from BPA and possibly 
from GM-CSF by Sephadex G100 fractionation of HTB9- 
CM.” Our observation of EPO dependent leukemic colony 
formation suggests that factor(s) requirement of L-CFU for 
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in vitro growth is considerably different in different types of 
acute leukemia. 


ACKNOWLEDGMENT 


We are grateful to Dr T. Ogawa of Keio University School of 
Medicine and Dr D. F. Bainton of the University of California at 
San Francisco for their generous comments on the electron micro- 
scopic findings. 


REFERENCES 


1. Moore MAS, Spitzer G, Williams N, Metcalf D, Buckley J: 
Agar culture studies in 127 cases of untreated acute leukemia: The 
prognostic value of reclassification of leukemia according to in vitro 
growth characteristics. Blood 44:1, 1974 

2. Kubota K, Preisler HD, Sagawa K, Minowada J: Comparison 
between agar and methylcellulose cultures of human leukemic cells. 
Cancer Res 41:3052, 1981 

3. Buick RN, Till JE, McCulloch EA: Colony assay for prolifera- 
tive blast cells circulating in myeloblastic leukemia. Lancet 1:862, 
1977 

4. Minden MD, Buick RN, McCulloch EA: Separation of blast 
cell and T-lymphocyte progenitors in the blood of patients with acute 
myeloblastic leukemia. Blood 54:186, 1979 

5. Lowenberg B, Swart K, Hagemeijer A: PHA-induced colony 
formation in acute non-lymphocytic and chronic myeloid leukemia. 
Leuk Res 4:143, 1980 

6. Moriyama Y, Koike T, Takahashi M, Sakurai K, Fujiwara M, 
Takai K, Kishi K, Sakai C, Sanada M, Shibata A: A new method for 
colony formation in vitro by leukemic cells in acute nonlymphocytic 
leukemia with PHA-stimulated lymphocyte conditioned medium as 
stimulating factor. Stem Cells 2:189, 1982 

7. Izaguirre CA, Curtis J, Messner H, McCulloch EA: A colony 
assay for blast cell progenitors in non-B non-T (common) acute 
lymphoblastic leukemia, Blood 57:823, 1981 

8. Dicke KA, Tindle SE, Davis FM, Jagannath S, Tucker S, 
Lilien M, van Leeuwen P, Verma DS, Vellekoop L: Leukemic cell 
colony formation in soft agar by bone marrow cells and peripheral 
blood cells from untreated acute leukemia patients. Exp Hematol 
11:341, 1983 

9. McCulloch EA, Till JE: Blast cells in acute myeloblastic 
leukemia: A model. Blood Cells 7:63, 1981 

10. McCulloch EA: Stem cells in normal and leukemic hemopoie- 
sis. Blood 62:1, 1983 

11. Buick RN, Minden MD, McCulloch EA: Self-renewal in 
culture of proliferative blast progenitor cells in acute myeloblastic 
leukemia. Blood 54:95, 1979 

12. McCulloch EA, Curtis JE, Messner HA, Senn JS, Ger- 
manson TP: The contribution of blast ceil properties to outcome 
variation in acute myeloblastic leukemia (AML). Blood 59:601, 
1982 

13. McJunkin FA: A benzidine-polychrome stain for blood. 
JAMA 74:17, 1920 

14. LiCY, Lan KW, Yam LT: Esterases in human leukocytes. J 
Histochem Cytochem 21:1, 1973 

15. Barka T, Anderson PJ: Histochemical methods for acid 
phosphatase using hexazonium pararoseanilin as coupler. J Histo- 
chem Cytochem 10:741, 1962 

16. Tomonaga M, Okuzaki M, Hiramachi Y, Matsumoto H, 
Kagimoto A: Studies on leukocyte beta-glucuronidase |. Use of the 
naphthol AS-BI glucuronide and fast red violet LB staining method. 
J Kyushu Hematol Sci 15:78, 1975 

17. Hayhoe FGJ, Quaglino D, Flemans RJ: Consecutive use of 


Romanowsky and periodic acid-Schiff (PAS) techniques in the 
study of blood and bone-marrow cells. Br J Haemato! 6:23, 1960 

18. Ogawa M, Parmley RT, Bank HL, Spicer SS: Human 
marrow erythropoiesis in culture. |. Characterization of methylcel- 
lulose colony assay. Blood 48:407, 1976 

19. Breton-Gorius J, Gourdin MF, Reyes F: Ultrastructure of the 
leukemic cell, in Catovsky D (ed): The Leukemic Cell. Edinburgh, 
Churchill Livingstone, 1981, p 87 

20. Iscove NN, Sieber F, Winterhalter KH: Erythroid colony 
formation in cultures of mouse and human bone marrow. Analysis of 
the requirement for erythropoietin by gel filtration and affinity 
chromatography on agarose-concanavalin A. J Cell Physiol 83:309, 
1974 

21. Iscove NN, Senn JS, Till JE, McCulloch EA: Colony forma- 
tion by normal and leukemic human marrow cells in culture. Effect 
of conditioned medium from human leukocytes. Blood 37:1, 1971 

22. Sumner AT, Evans HJ, Buckland RA: New technique for 
distinguishing between human chromosomes, Nature 232:31, 197] 

23. Amenomori T, Tomonaga M, Matsuo T, Yoshida Y, 
Kuriyama K, Sadamori N, Ichimaru M: A micromethod for chro- 
mosome preparation from individual hematopoietic colonies cul- 
tured in methylcellulose. Int J Cell Cloning 3:133, 1985 

24, Bessis M: Living Blood Cells and Their Ultrastructure. 
Berlin, Springer-Verlag, 1973, p 85 

25. Fawcett DW: The Cell. Philadelphia, Saunders, 1966, p 411 

26. Reiffers J, Bernard P, Larrue J, Dachary D, David B, 
Boisseau M, Broustet A: Acute erythroblastic leukemia presenting 
as acute undifferentiated leukemia: A report of two cases with 
ultrastructural features. Leuk Res 9:413, 1985 

27. Bennett JM, Catovsky D, Daniel MT, Flandrin G, Galton 
DAG, Gralnick HR, Sultan C: Proposals for the classification of the 
acute leukemias. Br J Haematol 33:451, 1976 

28. Schwarz SO, Critchlow J: Erythremic myelosis (DiGuglhiel- 
mo’s disease). Critical review with report of four cases and com- 
ments on erythroleukemia. Blood 7:765, 1952 

29. Huhn D, Kaboth W, Schmalz! F: DiGuglielmo syndrome. 
Dtsch Med Woschenschr 98:355, 1973 

30. Vernet G: Ultrastructural and fluorescence microscapy study 
of a case of acute erythremia. Virchows Arch B Cell Pathol 18:69, 
1975 

31. Mantovani G, DelGiaceo GS, Marongiu F, Tognella $. 
Carcassi UE: Acute erythroblastic leukemia terminating a very 
long-lasting (27 years) Hodgkin's disease. Acta Haematol 67:287, 
1982 

32. Sief C, Bicknell D, Caine G, Robinson J, Lam G, Greaves 
MF: Changes in cell surface antigen expression during hemopoietic 
differentiation. Blood 60:703, 1982 

33. Sief C, Bicknell D, Caine G, Edwards PAW, Greaves M: 
Antigen expression on normal and leukemic erythroid precursors. 
Neth R, Gallo RC, Greaves MF, Moore MAS, Winkler K (eds): 
Hematology and Blood Transfusion 28. Modern Trends in Human 
Leukemia. V. Berlin, Springer-Verlag, 1983, p 397 


552 


34, Ekblom M, Elonen E, Vuopio P, Heinonen K, Knuutila S, 
Gahmberg CG, Andersson LC: Acute erythroleukemia with L3 
morphology and the 14q+ chromosomes. Scand J Haematol 29:75, 
1982 


35. Andersson LC, Gahmberg, Teerenhovi, Vuopio P: Glycopho- 
rin A as a cell surface marker of early erythroid differentiation in 
acute leukemia. Int J Cancer 23:717, 1979 

36. Marie JP, Izaguirre CA, Civin C, Mirro J, McCulloch EA: 
The presence within single K562 cells of erythropoietic and granulo- 
poietic diferentiation markers. Blood: 58, 708, 1981 

37, Suda T, Miura Y, Ozawa K, Mizoguchi H, Takaku F: 
Hemopoietic precursor cells in erythroleukemia. Stem Cells 1:224, 
1981 


TOMONAGA ET AL 


38. Koeffler HP, Cline MJ, Golde DW: Erythropoiesis in preleu- 
kemia. Blood 51:1013, 1978 

39. Adamson JW, Finch CA: Erythropoietin and the regulation 
of erythropoiesis in DiGuglielmo’s syndrome. Blood 36:590, 1970 

40. Nomura T, Furusawa S, Kanazu A, Adachi Y, Kawada K: 
Clinical observation on regulatory mechanism of erythropoiesis in 
erythroleukemia. Jpn J Clin Hematol 11:608, 1970 

41. Hotta T, Yamada H: Regulation of hematopoiesis in erythro- 
leukemia--A study on the depression of hematopoiesis following 
blood transfusion and spontanecus cyclic fluctuation of circulating 
granulocytes and platelet counts. Acta Hematol Jpn 39:830, 1976 

42. Hoang T, McCulloch EA: Production of leukemic blast 
growth factor by a human bladder carcinoma cell line. Blood 66:748, 
1985 





Sensitivity to 5-Azacytidine of Blast Progenitors 
in Acute Myeloblastic Leukemia 


By Chen Wang and E.A. McCuiloch 


In a previous study, we showed that the blast stem cells of 
acute myeloblastic leukemia (AML) were more sensitive to 
cytosine arabinoside (ara~-C) when growing in suspension 
culture than during colony formation in methylcellulose. 
We suggested that the difference might be explained by 
considering the cellular mechanisms responsible for 
growth in suspension and colony formation. In the former, 
the clonogenic cells increase in number (self-renewal); in 
the latter, most of the divisions are terminal. The increased 
sensitivity to ara-C in suspension might then be attributed 
to its ability to inhibit self-renewal to a greater degree than 
cell division generally. A test of this hypothesis would be to 
compare the survival curves in suspension and in methyl- 
cellulose using a drug that spared or stimulated self- 


ELF-RENEWAL, the process through which stem cells 
give rise to daughters with sustained proliferative 
potential, is essential for the maintenance of normal or 
malignant hemopoietic clones. The blast progenitors in acute 
myeloblastic leukemia (AML) have been shown to be capa- 
ble of self-renewal.' These malignant stem cells form colo- 
nies in methylcellulose-containing cultures when stimulated 
by appropriate growth factors.” A minority of cells from blast 
colonies form new blast colonies on replating.' Furthermore, 
clonogenic blast cells increase exponentially in suspension 
culture.’ Both these events can be measured quantitatively, 
and each may be considered a manifestation of blast self- 
renewal. 

We suggested that self-renewal may be an important 
target for therapeutic agents used in the treatment of AML. 
First, there is a consistent association between high self- 
renewal capacity as measured by replating pooled blast 
colonies, {secondary plating efficienty, or PE2) and poor 
response to treatment.** Second, we showed that cytosine 
arabinoside (ara-C), a drug included in most effective anti- 
AML regimens, decreases self-renewal of blast progenitors 
cultured in its presence.*’ Recently, we found that ara-C is a 
more potent inhibitor of blast growth in suspension than of 
blast colony formation in methylcellulose.“ Moreover, pre- 
liminary data from a small number of patients provided 
evidence that the sensitivities of blasts measured in suspen- 
sion were associated with outcome of treatment with ara-C, 
whereas similar survival curves obtained with the methylcel- 
lulose assay showed no such correlation." 

We postulated that ara-C appeared to be more toxic to 
growth of cells in suspension than to colony formation in 
methylcellulose because self-renewal was the predominant 
cellular event in the former, whereas colony formation 
reflected principally postdeterministic divisions. A test of 
this hypothesis would be to measure survival curves under 
both conditions, using an agent that increased self-renewal. 
The drug 5-azacytidine (5-aza) is an obvious candidate; not 
only does exposure to it increase self-renewal, but a control 
compound also exists. The analogue 6-azacytidine (6-aza) is 
cytotoxic but, unlike 5-aza, does not affect self-renewal.’ 

This article reports the measurement of 5-aza survival 
curves for AML blast cells exposed to the drug either in 
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renewal. Such an agent is 5-azacytidine (5-aza}) and has the 
additional advantage that its analogue, 6-azacytidine 
(6-aza) has no effect on self renewal. The data supported 
the hypothesis, since clonogenic AML blasts were much 
less sensitive to 5-aza in suspension than in methylceliu- 
lose. The effect of 6-aza, while qualitatively similar, was 
much less marked. Controls showed that the difference in 
survival curves could not be explained on a kinetic basis or 
by the secretion of growth factors by 5-aza—treated ceils. 
We suggest that a comparison of the effects of drugs in 
suspension and in methylcellulose may be useful in preciini- 
cal screening of putative anti-AML compounds. 

©1987 by Grune & Stratton, Inc. 


suspension or in methylcellulose. As predicted, growth in 
suspension was less sensitive to S-aza than was colony 
formation in methylcellulose. 


MATERIALS AND METHODS 


Leukemic cells. Heparinized peripheral blood was obtained 
from 20 patients with AML (French-American-British, FAB, classi 
fication M1 through M5)° at the time of diagnosis or at relapse. The 
diagnosis was based on morphological and clinical criteria regularly 
used in clinical trials of patients with AML at the Ontario Cancer 
Institute. Only patients with a high percentage of blast cells in 
the peripheral blood were included in the study. 

Preparations of blast cells free of contaminating T lymphocytes 
were obtained as described previously, using two Ficoll-Hypaque 
density-gradient centrifugations (P ~ 1.007), the second following 
the formation of sheep-erythrocyte rosettes.’ The cells were either 
placed in culture at once or preserved in liquid nitrogen in the 
presence of 10% dimethylsulfoxide (DMSO) and 50% fetal calf 
serum (FCS). in some experiments, cells were tested after being 
maintained for up to 3 months in suspension culture. 

Assay for clonogenic blast cells. The assay for clonogemic blast 
cells was as described previously with the exception that media 
conditioned by the bladder cancer cell line HTB9 (HTB9-CM) was 
used as a source of growth factor.’'*'* Blast populations were 
cultured in 35-mm Lux dishes (Miles Laboratories, Naperville, 1L) 
in a medium consisting of a-minimal essential medium (MEM), 
20% FCS (growth medium) and 10% HTB9-CM with 0.8% methyl- 
cellulose. The cultures were incubated for 7 days in a humidified 
atmosphere in the presence of 5% CO, in air at 37 °C, after which 
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time colonies containing >20 cells were counted, using an inverted 
microscope. 

Measurement of the PE2. The secondary plating efficiency 
(PE2) was measured using the pooled colony technique described 
previously.’ The cells were harvested from primary colonies, pooled, 
washed and replated in microwells at a cell density of 10° per well 
with media of the same composition used for primary cultures. 
Colonies with >20 cells were counted after 7-day incubation. PE2 
was expressed as colonies per 10* cells plated. 

Suspension culture method. Blast cells were cultured in suspen- 
sion as described previously.’ As in the clonogenic assay, HTB9-CM 
was used rather than phytohemagglutinin-leukocyte conditioned 
medium (PHA-LCM) as a source of growth factor.'* The cells were 
suspended in growth medium at a concentration of 10°/mL in the 
presence of 10% HTB9-CM. After varying times of incubation, the 
cells were harvested and counted. Usually the cell numbers recov- 
ered at this point in the control groups were greater than the 10° 
cells/mL used at the beginning of the culture: the suspensions were 
washed and replated in methylcellulose for blast colony formation, 
as described earlier. This procedure provided a measurement of the 
number of clonogenic cells per dish recovered at each point of time in 
suspension culture. The calculation consisted of multiplying the 
number of cells recovered per dish (as determined before washing) 
by the plating efficiency in methylcellulose. In some instances, cells 
recovered from suspension culture were washed, resuspended at 
10°/mL, and recuitured in suspension. 

Exposure to drugs. 5$-Aza was obtained from Sigma Chemical, 
St Louis, and 6-aza (P-L Biochemicals, Milwaukee). The drugs were 
dissolved in phosphate-buffered saline (0.02 mol/L Na,HPO,; 0.02 
mol/L. NaH,PO,, pH 6.5; 0.42 mol/L NaCl) just before use." 
Ara-C was obtained from Upjohn, Don Mills, Canada. Adriamycin 
was obtained from Adria Laboratories of Canada, Mississauga, 
Ontario. Cells in either methylcellulose or suspension cultures were 
exposed to increasing concentration of drugs in growth medium 
modified to exclude ribonucleosides and deoxyribonucleosides and 
buffered with HEPES. The survival curves were calculated by 
comparing the number of colonies or the number of clonogenic cells 
recovered at each dose with controls, cultured in the absence of drug. 
Simple negative exponential survival curves were obtained for blasts 
exposed to each of the drugs, either in suspension or in methylcellu- 
lose. These curves can be described by a single slope parameter, the 
dose required to reduce survival to 10% of control (Dg). A diagram- 
matic representation of the procedure for obtaining survival curves 
in methylcellulose and in suspension is given in ref. 8. 

Stability of 5-Aza. Stability of the structure of 5-aza was 
determined by measuring absorption at 241 nm, using a Unicam sp 
1800 spectrophotometer, as described by Notari and De Young." 
We consider this procedure satisfactory, although it does not detect 
the intermediate decay products that are disclosed by high-pressure 
liquid chromatography, since our concern was only with 5-aza in 
buffer rather than in a complex mixture of compounds.'® 


RESULTS 


Figure | contains typical survival curves for blast stem 
cells maintained for 2 weeks in suspension culture and then 
exposed for 7 days to 5-aza, adriamycin, or ara-C, either in 
suspension or in methylcellulose. It is evident from Fig 1 that 
the comparisons of the survival curves in suspension and 
methylcellulose differed for the three drugs. As in previous 
studies, the adriamycin survival curves in suspension and 
methylcellulose were indistinguishable; in contrast, ara-C 
appeared more toxic to cells in suspension than to the same 
population in methylcellulose. The reverse was found for 
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Fig 1. Survival curves for cells exposed to §-azacytidine 
(5-aza) (A , adriamycin (B). or cytosine arabinoside {ara-C} (C) 
either in m ethylcellulose or in suspension. In the former instance, 
the drug was included in the cultures used for colony formation. In 
the latter instance, the drug was present during 7 days of 
suspension culture; the cells were then washed and tested for 
colony for nation in methylcellulose. The number of clonogenic 
cells in each culture was calculated from the number of nucleated 
cells recowered from the 7-day cultures and plating efficiency 
(described in text). The cells used for this experiment were 
maintainec in suspension culture for 2 weeks. Error bars show SD. 
Survival curves were drawn by linear regression. This procedure 
yielded two curves for the experiment with adriamycin, but SD of 
the points overlap and the two curves are not different. 


S-aza; for this drug, the Dj) value in suspension was much 
greater than the Dy) in methylcellulose. Similar data were 
obtained when cells were exposed to the three drugs after 3 
months in suspension culture. Table 1 contains the data from 
20 experiments comparing S-aza survival curves for blasts 
obtained either freshly or after cryopreservation, as well as 
the Dio values in suspension and methylcellulose. Table | 
also shows the French-American-British (FAB) classifica- 
tion, the blasts in the peripheral blood, and the PE2 values 
for each patient. It is evident that the D,, values in suspen- 
sion were always greater than the D,, values in methylcellu- 
lose (P < .00001); furthermore, there was no correlation 
between the two Do measurements (r = ~.217). In agree- 
ment wit. previous findings,’ colonies in methylcellulose 
Surviving exposure to 5-aza usually had increased values of 
PE2. In 4 of the 20 examples, however, decreases were seen. 
As in previous experiments,’ treatment with 5-aza did not 
stimulate secondary colony formation if it was absent in 
controls (two examples in Table 1). 

Contro.s. A number of controls were required to estab- 
lish the velidity of the differences in D,, illustrated in Table 
1. First, the construction of survival curves depends on a 
linear relationship between the number of cells placed in 
culture and the growth observed at the end of the assay. 
Linearity has been shown for methylcellulose cultures: for 
the susper sion assay, a linear relationship exists between the 
number of nucleated cells used to initiate the cultures and the 
number o” clonogenic cells recovered from each dish after 7 
days.’ It was still possible, however, that treatment with 
5-aza might change this relationship. Figure 2 shows the 
results of testing for linearity both in control suspension 
cultures and in cultures containing 5-aza; linearity was 
maintained under both conditions. 
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Table 1. Clinical Characteristics and Response of Blast Celis to 5-Aza of Patients With AML 
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Peripheral Blood 

T Patient Diagnosis Hemoglobin Platelets WBC Biasts i= Belem a ne i ER 
No. (FAB) {g/d} (x 199/L} {x 10%/L) (%) M.C. Suspension Control B-Azaā 
1 M2 6.7 17 39 58 0.75 3.5 51 85 
2 M4 11.5 121 203 78 1.0 2.6 154 39 
3 M5 9.8 150 35 29 1.04 3.1 324 362 
4 M5 13.7 185 3.6 21 1.1 3.12 8.6 14 
5 M4 17.9 271 39 77 t.2 3.2 1439 1749 
6 M1 7.7 6 11.6 83 0.7 5.2 235 417 
7 M4 10.8 290 43 76 1.2 2.8 10 24 
8 M4 11.9 101 24 87 0.9 3.9 5.3 {1 
9 M2 9.4 37 178 94 NA 2.2 Q Q 
10 M5 8.4 62 75 19 1.4 2.8 168 ae? 
11 M1 147 47 5.5 28 41.2 2.0 112 86 
12 M3 10.1 54 12 54 0.6 2.5 123 165 
13 M1 9.2 38 66 94 0.8 11 0 G 
14 M2 8.7 34 29.7 42 0.9 NA 0 0 
15 M4 8.5 76 47 29 1.0 2.0 42 58 
16 M4 9.6 7 11.9 85 1.0 1.6 283 241 
17 M4 11.6 94 90.7 87 0.82 1.7 20 15 
18 M4 9.7 58 34 68 0.8 4.8 3.7 7 
19 M4 12.4 70 79 20 0.92 3.5 6.5 30 
20 M2 471.0 35 41 85 0.95 1.1 356 420 
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5-Aza, 5-azacytidine: FAB, French-American-British classification; Do, dose required to reduce survival to 10% of control; PE,, secondary plating 
efficiency: M.C., methylcellulose culture. 

*PE? values are the mean of four replicate microwells with 1 x 10‘ celis from primary methylcellulose culture. The 5-aza group was at a concentration 
of 1.0 umol/L. 


Second, the outcome of suspension cultures is more depen- 
dent than colony formation on growth kinetics; in the latter, 
the number of cell divisions occurring during the assay period 
is reflected in colony size and does not enter into the analysis 
unless the number of ceils in each colony is reduced below the 
counting criterion of 20 cells to a colony. For the suspension 
method, however, the number of doublings in 7 days contrib- 
utes directly to the number of clonogenic cells recovered in 
each dish. Controls were necessary, therefore, to test the 


Clonogenie cells per dish x10% 


possibility that the apparent difference in the survival curves 
in suspension and methylcellulose could be explained by 
growth kinetics in suspension. Blast cells were grown in 
suspension in the presence or absence of 5-aza at a concen- 
tration of 10°* mol/L, a concentration that is close to the Dio 
value in methylcellulose (Table 1). Two examples are illus- 
trated in Fig 3. As anticipated, there was a sharp drop in 
clonogenic cells in each dish in the presence of drugs as 
compared with control. Suppression persisted for ~3 days 
and then growth resumed, with kinetics similar to the 
controls. 

To exclude an early effect of 5-aza similar to that which 
occurred with ara-C, a detailed survival curve was prepared 
for cells maintained for >1 year in suspension and then 
exposed to 5-aza for 8 hours; the cells were then washed twice 
and either placed in suspension or plated in methylcellulose. 
The cells cultured in suspension were plated in methyleellu- 


& 
ye ase ite lose after 7 days to obtain a survival curve in the usual 
; ma manner. Figure 4 depicts the survival curves from this 
al Le experiment, using the same cells, exposed to 5-aza briefly 
3 gtv and then either plated directly in methylcellulose or main- 
zl A i a tained for 7 days in suspension. With this design, the 
| . tes reduction in growth in suspension was much less than that 
T 4_— ae which occurred in methylcellulose. 
a : a F Complete survival curves were also prepared for blast 


input celis per dish i0” 


Fig 2. The linear relationship between number of nucleated 
celis added to suspension cultures and recovery of clonogenic cells 
after 7 days. Linearity is maintained in the presence of 5-aza- 
cytidine (5-aza). Error bars show SD; lines were drawn by linear 
regression. 


populations cultured for 3 days with or without 5-aza and 
then plated in methylcellulose to measure survival. Blasts 
exposed to 5-aza for 7 days in suspension or in methyicellu- 
lose were included in the same experiments as positive 
controls. Results from one of two similar experiments are 
shown in Fig 5. As in the curves prepared from cells exposed 
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Fig 3. Kinetics of blast clonogenic celis in suspension culture 
in the presence or absence of 5-azacytidine (5-aza). Error bars are 
SD. Two examples are shown. 


to drug for 8 hours (Fig 4) or 7 days, the clonogenic cells 
exposed in suspension culture for 3 days were more resistant 
than in methylcellulose. 

We also assessed the survival of the 5-aza structure. The 
drug was incubated in buffer without cells, using spectropho- 
tometric absorption at 241 nm," as described in the Materi- 
als and Methods section. The drug was unstable, approach- 
ing undetectable levels after 3 days, a time consistent with 
the period of suppression of growth in culture. 

As a third control, the effects of 6-aza were compared with 
those of 5-aza; survival curves were measured in seven 
experiments, both in suspension and methylcellulose. In 
agreement with the previous data,” 6-aza was less toxic than 
5-aza, using the clonogenic assay (P = .04). In contrast, in 
suspension, 6-aza was a more effective inhibitor than 5-aza 
(P = .04), although the D,, values in suspension for 6-aza 
were greater than the Dj, values in methylcellulose 
(P = .004). For this subset of the data on blasts exposed to 
5-aza, as for the whole data set, the D, values for survival 
curves measured in suspension were much greater than those 
obtained using the methylcellulose assay (P = .007). Fur- 
thermore, the difference between survival curves in methyl- 
cellulose and in suspension for 5-aza was significantly 
greater than the differences for 6-aza (P = .011). Represen- 
tative survival curves illustrating these features are shown in 
Fig 6. 

Growth factor production. 5-Aza-treated blasts might 
show increased self-renewal as compared with controls if 
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Fig 4. Survival curves for 
blast progenitors exposed to 
5-azacytidine (5-aza) for 8 
hours in suspension and then 
cultured for 7 days either in 
suspension or in methylcellu- 
tose. Cells used in this experi- 
ment had been maintained for 
>1 year in suspension culture. 
Error bars are SD. 
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they were induced by the drug to secrete growth factors. 
Previously, we tested for this possibility, using cells that 
produced small amounts of growth factor; no increase was 
found folowing exposure te S-aza.” We extended these 
observations to cells that required HTB9-CM for growth and 
another blast population, representative of a rarer pheno- 
type, in which good growth occurred in the absence of added 
HTB9-CM. For the former, it was necessary to add HTB9- 
CM to the cultures; therefore, controls were needed for the 
carryover of growth factors when the supernatants were 
tested for their effects on blast growth. This required titra- 
tions of HTB9-CM that had been incubated for 7 days in the 
presence of growth medium but without cells. For the 
populatior capable of sustained growth, these further con- 
trols were not required since these cells could be maintained 
in culture in the presence or absence of 5-aza without added 
growth factors. The results are given in Fig 7. All activity 
that occurred in cultures of cells requiring growth factor 
could be a:tributed to carryover of HTB9-CM: furthermore, 
no increas in growth-promoting ability was observed when 
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Fig 6. Representative survival curves for blast progenitors 
exposed to 5-azacytidine (5-aza} or 6-azacytidine-{6-aza)} in sus- 
pension or n methylcellulose. Lines were drawn by linear regres- 
sion. 
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Fig 7. Experiments designed to show whether blast popula- 
tions secrəted growth factors active on blast celis. The top 
hatched araa is the 95% confidence interval for blast cells exposed 
to 10% HT39-conditioned medium (HTBS-CM}. The lower hatched 
area is the 95% confidence interval for blasts exposed to 2% 
HT839-CM, the amount calculated as present in the media of blast 
cells 7 days after culture, in which the cultures were initiated with 
10% HTBS-CM. Colony number stimulated by the addition of 
conditioned media is shown on the vertical axis. The percentage 
and source of conditioned media under test is shown along the 
horizontal axis. Triangles (left panel) show the number of colonies 
stimulated by 2% or 10% HTB9-CM incubated for 7 days in the 
absence of cells. The activity was stable under these conditions. In 
the center and right-hand panels, open symbols represent results 
of supernatants from biast cells cultured in the absence of 
5-azacytidine (5-aza); solid symbols represent supernatants of 
cultures in the presence of the drug. The middie panei (square 
symbols) shows results using cells that required HTB9-CM for 
growth: 20% conditioned media from these cells were less effec- 
tive than the control values for HTB9-CM incubated for 7 days. 
Addition cf 10% HTB9-CM to the blast supernatant yielded an 
activity equivalent to 10% HTB9-CM alone. The right panel 
(circles) shows data from cultures of cells that grew well without 
the addition of HTB9-CM. Supernatants from these cultures, with 
or without 5-aza, failed to stimulate blast colony formation. 
However, addition of 10% HTB9-CM gave the anticipated activity. 
Thus, biast celis in suspension did not secrete growth factors, nor 
did they when inhibitors were present. 


5-aza was added at the time of culture initiation. Cells that 
grew without added HTB9-CM did not secrete blast growth 
factors when cultured for 7 days either with or without 5-aza. 
Controls in which HTB9-CM was added to supernatants 
from blast cultures were effective stimulators, indicating 
that residual cytotoxic drug or other inhibitors were not 
demonstrated in the supernatants. 

Repeated exposure to S-aza. The effects of 5-aza on 
blast progenitor self-renewal made it reasonable to question 
whether ene more exposure to the drug would prolong the 
time for which blast progenitors could be maintained in 
suspension. Figure 8 shows the results of an experiment in 
which control and 5-aza~treated blast progenitors were 
maintained in suspension culture for 56 days. As in previous 
experiments of this design, the cells were harvested at weekly 
intervals, counted, washed, and recultured at 10°/mL. The 
data are presenied as a cumulative growth curve, calculated 
on the basis of the changes occurring in each weekly culture 
period. One experimental group was exposed to 5-aza 
(0.5 x 1076 mol/L) during the first week only; a second 
group was treated a second time between days 21 and 28. As 
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Fig 8. Kinetics of blast cell growth in controls and cultures 
exposed once or twice to 5-azacytidine (5-aza} at a concentration 
of 0.5 x 10°* mol/L. 


anticipated from the 5-aza survival curves for blasts in 
suspension, the single drug exposure led to a slight decrease 
in clonogenic cells after 7 days. Thereafter, the treated group 
contained more progenitors than did the control for 49 days; 
both then declined rapidly. The second drug treatment led to 
an immediate cessation of growth; the cultures could be 
maintained through only one subsequent passage. In this and 
three similar experiments, exposure to S-aza did not prolong 
time in culture. Furthermore, the cytotoxic effects of a 
second drug treatment were much greater than at the first 
exposure. 
DISCUSSION 


The work described in this paper was undertaken to test 
and extend our previous observation that blast cells were 
more sensitive to ara-C when exposed in suspension than in 
methylcellulose culture. We proposed that this difference 
might be explained by findings indicating that ara-C was a 
more effective inhibitor of blast cell renewal than of terminal 
divisions. Thus considered, increased sensitivity in suspen- 
sion reflected the predominant role of renewal in this assay 
whereas the terminal divisions occurring in methyicellulose 
were less affected by the drug. This hypothesis led to the 
prediction that a cytotoxic agent that increased the probabil- 
ity of renewal in surviving stem cells would be less toxic in 
suspension than in methylcellulose. 5-Aza has been shown to 
increase PE2 and was chosen for the test. Figure | shows that 
three classes of comparisons may be found when survival 
curves are measured for the same cells in suspension and 
methylcellulose. For adriamycin, an agent that is equally 
toxic for renewal and terminal divisions, the survival curves 
in suspension and methylcellulose were indistinguishable. As 
noted previously, ara-C was more sensitive in suspension 
than in methylcellulose. As predicted by the hypothesis, the 
findings with S-aza were the reverse of those with ara-C; that 
is, the 5-aza D,, was greater for blasts exposed in suspension 
than for the same populations cultured with the drug in 
methylcellulose. 

The validity of survival curves obtained using either the 
clonogenic assay in methylcellulose or growth in suspension 
is dependent on the linear relationship between input cells 
and the manifestations of growth after 7 days; however, when 
results obtained with the two assays are compared, the 
cellular events leading to the endpoints for each must be 
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considered. Colony formation in methylcellulose requires 
that a progenitor divide often enough to have at least 20 
progeny. The natures of the divisions, renewing or terminal, 
do not enter into the assessment; neither is there added 
weight for large colonies. A kinetic component of the methyl- 
cellulose assay might emerge if the times of incubation were 
prolonged; however, this is not practical experimentally, 
since colonies usually disintegrate later.’ In contrast, the 
assessment of the suspension assay reflects the number of 
renewing divisions occurring in 7 days; consequently, the 
measurement is very kinetics-dependent. The significance is 
apparent from the kinetic data presented in Fig 5, in which it 
is evident that the number of clonogenic cells recovered 7 
days after exposure to 5-aza depends on both the inhibitory 
effects of drug during the 3 days it remains active and the 
subsequent recovery. A comparable recovery in colony for- 
mation in methylcellulose is unlikely because, as noted 
earlier, the colonies disintegrate after 7 to 8 days in culture 
and the number of clonogenic cells that can be recovered 
from the dishes also decreases markedly.’ These findings are 
compatible with the postulate that conditions in methylcellu- 
lose are less favorable for growth than are conditions in 
suspension. 

We chose to retain the 7-day interval for both assays as the 
basis for comparisons between them, even though this allows 
time for recovery in the suspension assay. The advantage is 
that regrowth of malignant stem cells after chemotherapy, a 
clinically important function, is retained. Studies in which 
the cells were exposed briefly to 5-aza in suspension and then 
either cultured in suspension or methylcellulose for 7 days 
also showed, however, that the progenitors were more resis- 
tant in suspension than in methylcellulose. Other experi- 
ments, in which blasts were exposed in suspension for 3 days 
and then plated in methylcellulose gave comparable results. 
Thus, it is improbable that the findings with 5-aza can be 
explained by the kinetics of recovery of drug-exposed cells. 

The mechanisms underlying the generation of different 
survival curves in suspension and methylcellulose remain to 
be determined. We excluded drug-induced secretion of 
growth factors following treatment of cultured cells with 
either ara-C’ or 5-aza (Fig 7). Selection in suspension of a 
sensitive or resistant population of blast progenitors might 
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provide an explanation of the data. The results presented in 
Fig | argue against this possibility; the experiments were 
performed on cells that had been maintained in exponential 
growth for either 2 weeks or 3 months. Nonetheless, the 
comparison of survival curves observed for cells was similar 
to that observed with fresh samples and did not change when 
the time in suspension was extended. 

The comparison of the effects of 5-aza and 6-aza may 
contribute to the explanation of the observed phenomenon 
(Fig 6). DNA hypomethylation is a known effect of the 
former but not the latter.'”!* In the clonogenic assay, 5-aza is 
more toxic than 6-aza; the reverse occurs when the suspen- 
sion method is used. Thus, DNA hypomethylation may 
contribute to either the inhibitory effects of S-aza in suspen- 
sion or recovery from them. It should be noted that D, 6-aza 
values are greater in suspension than in methylcellulose, 
however, although the difference between the two culture 
conditions is significantly less than for 5-aza. 

Despite its effect of self-renewal, 5-aza treatment did not 
facilitate the establishment of continuous lines. Instead, 
toxicity of the drug appeared to be cumulative, since a second 
exposure, 2 weeks after the first, with two intervening 
subcultures, led to a much greater decrease in growth than 
anticipated on the basis of the survival curves or response to a 
single exposure. The mechanism underlying these observa- 
tions is unknown. It is striking, however, that blast cells, so 
aggressive in patients, cannot regularly be maintained indefi- 
nitely in culture. It may be that further improvements in the 
culture techniques are required to achieve long-term 
growth. 

Finally, the hypothesis that differences in survival curves 
measured in suspension as compared with methylcellulose 
may reflect specific drug effects on self-renewal leads to the 
prediction that a correlation may be found between Dj) 
values in suspension and clinical outcome. For ara-C, prelim- 
inary evidence is available in support of the prediction.® 
Unfortunately, the blasts used for the 5-aza experiments 
were obtained from patients at initial presentation and at 
relapse. This heterogeneity in the patient population is 
sufficient to prevent valid statistical analysis. More survival 
curves on blasts from newly diagnosed patients are now being 
collected. 
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Purification and Partial Amino Acid Sequence of Human Platelet Membrane 
Glycoproteins IIb and Illa 


By Akikazu Hiraiwa, Akio Matsukage, Hiroshi Shiku, Toshitada Taka ashi, Kazuyuki Naito, and Kazumasa Yamada 


The glycoprotein (GP) llb-Illa complex was isolated from 
human platelet membranes by immunoaffinity chromatog- 
raphy using a monoclonal antibody specific for GP Ilb—Ila. 
GP llb and Illa were further separated in the presence of 
sodium dodecyl sulfate (SDS) by gel filtration high-perfor- 
mance liquid chromatography (HPLC). Two cycles of this 
procedure yielded almost complete separation of homoge- 
neous preparations of GP lib and Illa. Each protein was then 
digested with lysyl endopeptidase {Achromobacter pro- 
tease |), which cleaves at the carboxyl side of lysine 


LYCOPROTEINS (GP) Hb and Ia are major con- 
stituents of the platelet plasma membrane and serve as 
the cellular receptor for fibrinogen.’? Abnormalities of the 
GP Ilb-IIla complex result in failure of platelet aggregation. 
For example, patients with Glanzmann’s thrombasthenia 
have either a deficiency of GP I[b—[]a or abnormal mole- 
cules.”’? In an unreduced state, GP Hb and GP IHa have mol 
wts of 140,000 and 95,000, respectively, and they are present 
as a Ca**-dependent heterodimer complex in both solubi- 
lized platelet extracts and in the plasma membrane of intact 
platelets.'''? Despite the similarity of the amino acid compo- 
sition of GP Hb and GP IIla,'*"* tyrosyl tryptic peptide maps 
of these proteins are dissimilar, 13576 
Murine monoclonal antibodies specific for the GP Hb- 
Hila complex inhibit both fibrinogen binding and platelet 
aggregation.'’”*' In this study, we used a newly prepared 
murine monoclonal antibody (designated HPL-1), which 
recognizes GP Hb-Hia and inhibits platelet aggregation 
induced by adenosine diphosphate (ADP), collagen, and a 
number of other physiological agents.” GP Hb and Hla 
were copurified by immunoaffinity chromatography with 
HPL-1 and then separated from each other by gel filtration 
high-performance liquid chromatography (HPLC).** Each 
purified GP was digested with lysyl endopeptidase. The 
resulting HPLC-generated oligopeptide maps and partial 
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residues, and the resulting cligopeptides from GP llb and 
illa were fractionated with HPLC using a C18 reverse- 
phase column. Comparison of the elution profiles showed 
no obvious homology between the two proteins. Amino 
acid sequences of selected oligopeptides from each glyco- 
protein were determined using a gas-phase protein 
sequencer. Sixty amino acid residues {26 residues for Nb 
and 34 residues for illa) were identified. 

® 1987 by Grune & Stratton, Inc. 


amino acid sequence analysis showed no evidence of similar- 
ity between the two proteins. 


MATERIALS AND METHODS 


Production and purification of a monoclonal antibody. The 
production and specificity of the murine monoclonal antibody HPL- 
| (igG,) used in this study have been described in detail else- 
where." In brief, this hybridoma was derived from (BALB/c x 
C37BL /6) female mice immunized with human platelets. By immu- 
noprecipitation experiments with I-labeled platelet lysates, HPL-1 
precipitated the antigen molecules of 127 and 104 kd under reduced 
conditions ¿nd antigen molecules of 138 and 90 kd under unreduced 
conditions. This antibody inhibited platelet aggregation induced by 
ADP or collagen and did not react with platelets of thrombasthenia 
patients. Thus, the antigen recognized by HPL-1I antibody was 
considered the GP Hb-Hla complex. HPL-1 was purified from 
ascites fluid by precipitation with saturated ammonium sulfate 
followed by diethyiaminoethanol (DEAE) cellulose column chroma- 
tography. The purified antibody was dialyzed against coupling 
buffer (borate buffer pH 8.3 containing 0.5 mol/L of NaCl). 

Immunoaffinity purification of the GP Ub-Illa complex. Ten 
milligrams of purified HPL-! antibody was coupled to 2 mL of 
cyanogen bromide-activated Sepharose 4B (Pharmacia Fine Chemi- 
cals, Piscataway, NJ) according to the manufacturer's directions. 
Platelets (5 x 10°) were washed three times in phosphate-buffered 
saline (PBS) pH 7.4, containing 2.5 mmol/L of EDTA; whole 
platelets were then solubilized in 50 mL of extraction buffer (10 
mmol/L of Tris-HCI, pH 7.4, 0.15 mol/L of NaCl, 1 mmol/L of 
phenylmethylsulfonyl fluoride (PMSF), 2.5 mmol/L of EDTA, and 
0.5% Lubrol PX) for 45 minutes at 0 to 4 °C with periodic vortexing. 
An additional $0 mL. of the extraction buffer was added, and the 
sample was incubated for another 30 minutes to permit complete 
solubilization. The lysate was centrifuged at 100,000 g for 30 
minutes at 4 °C to remove particulate matter, and the supernatants 
containing platelet membrane protein were pooled. The platelet 
lysate was first applied to a column made of bovine serum albumin 
(BSA)-conjugated Sepharose 4B and equilibrated in 10 mmol/L of 
Tris-HCl, pH 7.4, 0.15 mol/L of NaCl, and 0.5% Lubrol. The 
throughout fraction, from which materials adsorbed nonspecifically 
to Sepharose and/or BSA had been removed, was applied to a 
HPL.-1-Sepharose 4B affinity column (2 mL) equilibrated with the 
same buffer as described above. The column was washed extensively 
with a high-salt buffer (10 mmol/L of Tris-HCI, pH 7.4, 1 mol/L of 
NaCl and 0.5% Lubrol), and the retained protein was eluted with 50 
mmol/L of diethylamine, pH 11.5, containing 0.1% Lubrol. The 
eluate was :mmediately neutralized by the addition of 200 ul. of 2 
mol/L of Tris-HCI, pH 7.2, and stored until further use at —80 °C. 
Protein concentration was determined using the Bio-Rad (Rich- 
mond, CA) Protein Assay kit. 
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Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Approximately 20 to 30 wg of the purified protein 
was electrophoresed in an 8% polyacrylamide slab gel according to 
the method of Laemmli.’ Reduced samples contained 5% 
8-mercaptoethanol. Gels were stained with Coomassie brilliant blue. 
The following proteins were electrophoresed as mol wt standards: 
Escherichia coli RNA polymerase containing subunits of p 
(160,000), 8 (150,000), a (90,000), a (40,000); BSA (67,000). 

Separation of glycoproteins lb and Illa by gel filtration 
HPLC. The affinity-purified GP Hb-illa complex was concen- 
trated by lyophilization and then redissolved in water containing | 
mmol/L. of EDTA and 0.1% SDS. The mixture was warmed for 60 
minutes at 37°C to achieve complete solubilization of protein 
complexes. To dissociate and purify the individual glycoproteins, the 
sample was applied to HPLC (Spectra-Physics, San Jose, CA) using 
a 60-cm TSK 4000SW gel filtration column equilibrated in 50 
mmol/L of Tris-HCI, pH 7.2, | mmol/L of EDTA, and 0.1% SDS as 
described by Newman and colleagues.” Chromatography was per- 
formed at a flow rate of 0.5 mL/min, and the protein was monitored 

by measuring the absorbance at 280 nm. Peak fractions containing 
GP Hb or GP Illa were collected separately. Each fraction was 
rechromatographed under conditions of the first chromatography to 
achieve homogeneous preparations of each GP. Fractions were 
pooled and lyophilized. 

Removal of SDS from GP IIb and GP Ia preparations after gel 
filtration HPLC. Although nonionic detergents such as NP-40 or 
Lubrol do not inhibit proteolytic digestion, SDS affects the protein- 
ase activity of lysyl endopeptidase. Therefore, removal of SDS from 
protein samples was necessary prior to enzymatic digestion cf GP Hb 
and GP Illa. To achieve complete extraction of SDS, we used the 
method described by Henderson and co-workers.” In brief, the 
extraction solvent was a freshly prepared mixture of anhydrous 
acetone:triethylamine:acetic acid:water (85:5:5:5;vol /vol/vol /vol). 
Lyophilized GP Hb and GP Hila samples containing SDS were 
dissolved directly in 1 mL of the extraction solvent containing | ug of 
lysyl endopeptidase.” ”® The solution was kept at ~ 20 °C for at least 
| hour. The proteins were precipitated by centrifugation (5,500 g for 
45 minutes at ~5°C). The enzyme and the substrate were co- 
precipitated in this way to give a subsequent more reproducible 
digestion.*' To insure complete removal of SDS, the protein precipi- 
tate was washed twice with fresh extraction solvent. Finally, the 
precipitate was washed twice with acetone to remove traces of the 
extraction solvent. Residual acetone was removed by lyophilization. 

Digestion of GP Hb and GP Ila polypeptides with lysyl endopep- 
tidase. The SDS-free lyophilized samples were each redissolved in 
500 ul of 50 mmol/L of Tris-HCl, pH 9.2, 0.1% Lubrol. An 
additional | ug of lysyl endopeptidase was added to each sample. The 
mixtures were incubated at 37 °C for 24 hours and then lyophilized. 

Lysyl endopeptidase (Achromobacter protease 1, Wako, Japan) is a 
proteolytic enzyme from A lyticus M 497-1. This enzyme 
hydrolyzes peptide bonds at the carboxyl side of lysine residues in a 
manner similar to that of trypsin. This enzyme attacks the Lys-Pro 
bond, which is resistant to trypsin, and does not attack the arginy! 
- bond, which is easily hydrolyzed by trypsin. Moreover, this enzyme 
also cleaves aminoethyl cysteine-X bonds. 

Purification and sequencing of oligopeptides digested with lysyl 
endopeptidase. Oligopeptides were fractionated by HPLC on a 
4 x 250-mm reverse-phase (RP) column (Synchropak RPP C18 
column, pore size 300 A, Synchrom, Linden, IN). The peptides were 
eluted with a linear gradient of 0% to 45% acetonitrile containing 
0.1% trifluoroacetic acid at a flow rate of 0.7 mL/min for 120 
minutes. Absorbance at 214 nm was monitored, and peaks were 
collected manually. Fractions obtained in this manner were not 
rechromatographed because they were already pure for sudsequent 
analysis even after one cycle of chromatography. Oligopeptides 
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eluted as sharp peaks from RP-HPLC were selected as sampies for 
amino acid sequencing because broad peaks occasionally contained 
two oligopeptides. Selected samples were lyophilized, and their 
amino acid sequences were determined on an Applied Biosystems 
(Foster, CA) Model 470A protein sequencer according to published 
procedures.**?* Phenylthiohydantoin (PTH) amino acids were ana- 
lyzed by RP-HPLC. 


RESULTS 


Isolation of the platelet membrane GP IIb-illa com- 
plex. The GP Ifib-Ifla complex was purified from solubi- 
lized human platelets by chromatography on HPL-!-Sepha- 
rose 4B. Typical yields of the GP Hb-la complex were 
~500 pg /10' platelets. SDS-PAGE analysis of the immu- 
noaffinity purified materials is shown in Fig 1A. The appar- 
ent mol wt of isolated GP Hb under unreduced and reduced 
conditions was 137,000 and 116,000, respectively, that of 
isolated GP Ha under unreduced and reduced conditions 
was 90,000 and 100,000, respectively. These variations of 
apparent sizes of GP IIb and lHa are in agreement with their 
previously reported behaviors. ®® Densitometry scans of 
Coomassie brilliant blue-stained gels showed that GP Hb 
and Ila at this stage were ~80% pure. 

Separation of GP Hb and GP llla proteins. Although 
GP IIb and Illa form a calcium-dependent heterodimer 
complex even in the presence of nonionic detergents, they can 
be dissociated with SDS and EDTA. Therefore, gel filtration 
HPLC was performed using a solution containing 0.1% SDS 
and | mmol/L of EDTA. As seen in Fig 2A, two GPs were 
well separated under the conditions used. Each protein peak 
was collected separately and rechromatographed to achieve 
complete purification (Fig 2B and C). SDS-PAGE indicated 
that the two proteins were separated from each other under 
these conditions and purified to apparent homogeneity (Fig 
1B). 

Proteolytic digestion of the GP IIb and GP Illa polypep- 
tides. After removal of SDS by solvent extraction, GP Hb 
and GP Hla were digested with lysyl endopeptidase. The 
resulting oligopeptides were fractionated by RP-HPLC, and 
the peak fractions identified by ultraviolet (UV) absorbance 
were collected for subsequent amino acid sequence analysis. 
Repeated analysis of the peptide mapping gave the same 
result. As shown in Fig 3, the oligopeptide maps of these two 
glycoproteins appeared to be clearly different, confirming 
and extending previous observations ™ = ?® of structural dif- 
ferences between GP Hb and GP Ila. 

Amino acid sequence analysis. The N-terminal amino 
acid sequences of several oligopeptides were determined 
using a gas-phase protein sequencer. The results are shown in 
Table 1. We obtained amino acid sequences identical to those 
of oligopeptides Hla-3 that had been prepared independent- 
ly. Therefore, we consider our analytical system reliable. 
Sixty amino acid residues (26 residues for IIb and 34 
residues for Hla) were identified. 


DISCUSSION 


During the last several years, much evidence derived from 
a number of laboratories? * has demonstrated that the human 
platelet GP I[b-IIla complex serves as the receptor for 
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extracellular fibrinogen, a plasma protein required for plate- 
let aggregation. GP IIb consists of two disulfide-linked 
subunits, GP Ib œ (mol wt 116,000) and GP IIb 8 (mol wt 
23,000). In contrast, GP Illa consists of a single polypeptide 
chain with multiple intrachain disulfide bonds (mol wt 
105,000 as determined from SDS gels). 

Several different procedures for purifying the mixture of 
the two GPs have been reported. Copurification of these GPs 
has been reported by McEver and co-workers,” using a 
monoclonal antibody affinity column; by Leung and co- 
workers,” using Lens culinaris lectin affinity chromatogra- 
phy; and by Jennings and Phillips,'* using sucrose density 
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Fig 2. Separation of GP llb from GP Illa by gel filtration 
high-performance liquid chromatography. Sample was applied to a 
TSK-4000SW gel filtration column and chromatographed in the 
presence of sodium dodecyl sulfate (SDS) and EDTA at a flow rate 
of 0.5 mL/min. Absorbance was monitored at 280 nm, attenuated 
to 0.4 absorbance units full scale. (A) The first cycle chromatogra- 
phy of GP Ilb-—Itla sample contained ~400 ug of the protein. (B) 
Rechromatography of the GP llb fraction of the first cycle. (C) 
Rechromatography of the GP Illa fraction of the first cycle. 
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Fig 1. Sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE) of human platelet mem- 
brane glycoproteins GP llb and GP Illa. Electrophoresis 
was performed with 8% polyacrylamide slab gel. Gels 
were stained with Coomassie brilliant blue. Samples 
used were: (A) protein eluate from HPL-1 monoclonal 
antibody-coupled Sepharose 4B, unreduced (lane 1) 
and reduced (lane 2); (B) separated GP IIb (lane 1, 
reduced) and GP Illa (lane 2, reduced) after two cycles 
of gel filtration high-performance liquid chromatogra- 

2 phy as described in Fig 2. 


gradient centrifugation and Sephacryl S-300 gel filtration 
chromatography. The determination of the amino acid 
sequence of a polypeptide requires a large quantity of highly 
purified protein samples. Immunoaffinity chromatography 
using specific monoclonal antibodies is often well suited for 
the initial stages of purification. As shown in Fig 1A, 
however, the immunoaffinity purified GP IIb-IIla complex 
was contaminated with a small amount of actin, which may 
interact with GP IIb-IIla.*° Furthermore, antibodies that 
are directed against only one component of the GP IIb-I}la 
complex can copurify both glycoproteins.” Therefore, fur- 
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Fig 3. Reverse-phase high-performance liquid chromatogra- 
phy separation of the lysyl endopeptidase digested glycoproteins 
GP lib and GP llla. As described in the Materials and Methods 
section, each glycoprotein was treated with lysyl endopeptidase 
and the resulting oligopeptides were chromatographed. Absor- 
bance was monitored at 214 nm, attenuated to 0.1 absorbance 
units full scale. The oligopeptides indicated by the numbers Ilb-1, 
lib-2, Ila-1. Illa-2, and Illa~-3 were used for amino acid sequencing, 
the results of which are shown in Table 1. 


AMINO ACID SEQUENCE OF GPlib AND GPilla 


Table 1. Amino Acid Sequences of Oligopeptides From Human 
Platelet Membrane Glycoproteins lib and iHa 
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Cycle Acid {pmol} Acid (pmol) Acid (pmol) Acid (pmol) Acid*® (1) (2) 
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X — Ala 173 Sert 130 His 54 Asp 66 161 
Asn 33 Sert 74 Phe 200 Vai 158 Asp 60 203 
x — Val 114 Thrt 15 Leu 196 Leu 152 233 
Pro 55 Gin 94 He 116 Tht 13 Trp 42 29 
~- Leu 105 Lys 52 Leu 174 Sert 14 50 
Pro 48 Leu 98 — — Tht 9 le 77 149 
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Leu 33 Val 70 — -— Asp 60 Gin 59 128 

Glu 34 Gin §2 - — Gin 69 Asn 50 131 

Giu 40 Asp 38 — — Val 63 Leu 47 125 
10 Asp 8 Set 23 — — Tht 5 Gly 33 103 
11 Asp 10 Leu 50 — — Arg 29 Th} 5 47 
12 Glu 15 Asn 24 — — Phe 47 Lys 12 47 
13 Glu 21 Pro 23 — — Asn 38 — — — 
14 Gly 5 Ala 39 — — Glu 33 — — m 
15 -= — Val 24 — — Glu 49 — — — 
V6 SC 36 — — — 
VR meee CLY'S VA — — 





{1} and (2) indicate experimental number. 

X, not identified, 

*As in the case of lila-3, repeated analysis gave the same conclusion. 

tAnalysis for serine and threonine could not be accurately measured 
due to the presence of multiple peaks obtained during analysis of the 
phenylthiohydantoin (PTH) amino acids. Some of those peaks are known 
to reflect derivatives from serine and threonine, which were specifically 
detected as peaks at the different positions from other PTH amino acids. 


ther separation and purification are necessary for the struc- 
tural analysis of these components. 

We evaluated several different protocols for the separation 
of GP Ilb from GP Hla, including electrophoretic elution 
from polyacrylamide gel slices containing GP IIb or GP 
Illa, $ proteolytic digestion of proteins within gel pieces’! 
and, finally, gel filtration HPLC. Although electroelution 
or proteolytic digestion of gel slices resulted in relatively low 
protein yields, two cycles of gel filtration HPLC achieved 
both good separation of GP IIb from GP Ila and high 
protein recovery. The purity of the proteins isolated by this 
technique provided us with the opportunity to obtain large 
amounts of these two membrane glycoproteins for further 
study. 

Because small amounts of SDS in the purified glycopro- 
tein samples interfered significantly with subsequent proteo- 
lytic digestion, we removed SDS by a method of ion-pair 
extraction” that resulted in reproducible digestion. Because 
removal of SDS from a sample may cause protein aggrega- 
tion, Lubrol was added to the sample to prevent aggregation. 
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Nonionic detergents such as NP-40, Lubrol, etc, did not 
affect the enzymatic digestion. 

Computerized analysis of the autoradiograms of the two- 
dimensional tryptic '*I peptide maps has indicated struc- 
tural differences between GP Hb and GP Hla. '** McEver 
and colleagues’? also demonstrated similar findings when 
comparing HPLC tryptic peptide maps of a mixture of 
'251_11b and 3 '{-Illa. These findings are in agreement with 
the peptide maps of the individual glycoproteins obtained 
following digestion with lysy! endopeptidase. Because we did 
not use radioiodinated glycoproteins in these experiments, 
our results represent information about all oligopeptides, 
including those that contain no tyrosine residues. Purified 
oligopeptides were then successfully used as samples for 
amino acid sequencing. Together, our results are consistent 
with the hypothesis that GP Hb and GP Hla are coded for by 
different structural genes that are coordinately expressed. 

Amino acid sequences of the five peptides obtained in this 
study were compared with 7,687 protein sequences in the 
Protein Research Foundation/Sequence Data Base (PRF/ 
SEQDB)” to check for homology with other proteins. The 
computer search against all known protein sequences failed 
to reveal any significant similarity to the peptides derived 
from either GP Hb or GP Ha. 

The isolation of cDNA clones encoding GP lb and GP 
Hla should provide important additional insights about the 
structure of the human platelet fibrinogen receptor and the 
mechanism of regulation of its expression. A recent report 
documents the isolation of a A phage containing a 20-kilobase 
(kb) genomic library, which, on transfection, leads to the 
expression of the a chain of the OKM-1, LFA-1, and platelet 
GP lib—Illa molecules.” Recently, a number of investigators 
were also successful in the isolation of mRNA species that 
encode human platelet GP Hb and IHa.* Studies are in 
progress in our laboratory to isolate mRNA from a mega- 
karyoblastic leukemia cell line that expresses these glycopro- 
teins and to establish a cDNA library. Several amino acid 
sequences obtained in this study have regions suitable for the 
synthesis of oligonucleotide probes. Probes such as these 
should be useful for the screening of this cDNA library. 
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Prothrombin Tokushima: Characterization of Dysfunctional Thrombin 
Derived From a Variant of Human Prothrombin 


By Takashi Inomoto, Akira Shirakami, Shigenori Kawauchi, Toshio Shigekiyo, Shiro Saito, Kazuo Miyoshi, 
Takashi Morita, and Sadaaki lwanaga 


A mutant prothrombin, designated prothrombin Tokushi- 
ma, was purified from plasma of a proband with 12% of 
normal plasma clotting activity and 42% of normal pro- 
thrombin antigen. The purified preparation gave a single 
band with the same mobility as that of prothrombin” by 
sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SDS-PAGE). The factor Xa-catalyzed proteolysis of pro- 
thrombin Tokushima examined by SDS-PAGE was found to 
be identical to that of “prothrombin.” Subsequently throm- 
bin Tokushima was prepared by CM-Sepharose CL-6B 
column chromatography after prothrombin activation by 
factor Xa. The molecular weight of thrombin Tokushima 
estimated by SDS-PAGE was identical to that of “throm- 
bin.” Thrombin Tokushima exhibited less than 22% of 
normal clotting activity, and the value of kcat/Km (umol/ 


ONGENITAL dysprothrombinemia is a rare coagula- 
tion disorder. Only 16 variants have been reported," 
all of them being characterized by a decrease in the func- 
tional level of prothrombin relative to antigenic level of 
prothrombin. Five of the prothrombin variants thus far 
identified have been purified and characterized. In the case 
of prothrombin Barcelona’ and prothrombin Madrid," the 
functional defect has been shown to be a specific impairment 
of one of the two factor Xa-catalyzed cleavages, whereas in 
the case of prothrombin Quick,® prothrombin Metz,’ and 
prothrombin Salakta,'’ the defect is confined to the thrombin 
portion of the molecule. In 1983 we reported the first case of 
dysprothrombinemia in Japan as prothrombin Tokushi- 
ma.'*'4 The maternal and paternal sides have heterozygotes, 
respectively, for dysprothrombinemia and hypoprothrombi- 
nemia. The proband was a double heterozygote for pro- 
thrombin Tokushima and hypoprothrombinemia and there- 
fore synthesized only the abnormal molecule. In this paper 
the physicochemical and enzymatic properties of prothrom- 
bin Tokushima are presented. These results demonstrate that 
prothrombin Tokushima is a new variant having an abnor- 
mality in the thrombin portion of the molecule. 


MATERIALS AND METHODS 


Blood was collected from the proband using plastic syringes that 
contained 1/10 volume of 3.8% trisodium citrate. Platelet-poor 
plasma of the proband with 12% of the clotting activity and 42% of 
“prothrombin” antigen was obtained after centrifugation and stored 
at ~ 80°C. 

Purification of prothrombin and thrombin. Prothrombin Toku- 
shima and human “prothrombin” were purified according to the 
method of Morrison and Esnouf" with slight modifications. Purified 
prothrombin (206 pg/mL in 0.05 mol/L Tris-HCI, pH 8.0, contain- 
ing 0.1 mol/L. NaCl and 0.01 mol/L CaCl) was activated by bovine 
factor Xa 12.6 wg/mL) in the presence of bovine factor Va (28 
ug/ml) and rabbit brain cephalin (100 ug/mL) for ten minutes at 
37 °C. Factor Xa was isolated as previously described.” The result- 
ing thrombin was isolated by chromatography on a CM-Sepharose 
CL-6B column according to Kawabata et al.” The activation 
mixture was applied to the column, previously equilibrated with 0.05 
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bin” when Boc-Val-Pro-Arg-4-methyicoumary!-7-amide 
was used as a substrate. However, active site titration 
using p-nitrophenyl-p -guanidinobenzoate failed to detect 
any difference between the two. Thrombin Tokushima was 
2.5% as effective as “thrombin” in inducing platelet aggre- 
gation. Interaction of thrombin Tokushima with antithrom- 
bin IH was much slower than “thrombin” when followed by 
SDS-PAGE. Based on the residual thrombin activity, it was 
33% as effective as “thrombin” in forming a compiex with 
antithrombin li. These results indicate that the molecular 
defect resides in the thrombin portion of prothrombin 
Tokushima and that the binding sites for various substrates 
appear to be greatly impaired. 

e 1987 by Grune & Stratton, Inc. 


mol/L sodium phosphate, pH 6.5, and thrombin was eluted with a 
linear NaCl gradient (0 to 0.7 mol/L NaCl) in the same buffer. 

Titration of thrombin with p-nitrophenyl-p'-guanidinoben- 
zoate - HCI (p-NPGB). The titration of thrombin with p-NPGB 
(Nutritional Biochemicals, Cleveland, OH) was performed by the 
method of Chase and Shaw.” Immediate burst of p-nitrophenol 
produced by the stoichiometric reaction of the catalytic site of 
thrombin with p-NPGB was monitored at 410 nm with a Hitachi 
220A recording spectrophotometer (Tokyo). Thrombin active site 
concentration was determined using a molar extinction coefficient of 
16,595 for p-nitrophenol at pH 8.3. 

Kinetic experiments. Kinetic constants were determined using 
t-butyloxy-carbonyl-Val-Pro-Arg-4-methylcoumaryl-7-amide (Boc- 
Val-Pro-Arg-MCA) as the thrombin substrate (Peptide Institute, 
Osaka, Japan). The fluorescence of 7-amino-4-methylcoumarimn 
(AMC) liberated from Boc-Val-Pro-Arg-MCA was monitored by a 
Hitachi fluorescence spectrophotometer (model 650-105) equipped 
with a recorder. Emission at 440 nm was measured (Aex = 380 nm 
band pass 2 nm at 37 °C). The reaction was performed at 37 °C in | 
mL of 0.05 mol/L Tris-HCI (pH. 8.0) containing 0.15 mol/L NaCl 
and | mmol/L CaCl,. The kinetic constants were calculated by the 
direct-linear plot based on the procedure of Cornish-Bowden.” 

Activation of factor XH1. Human placenta factor XHI was 
purchased from Hoechst Japan (Tokyo). The activity of factor XIH 
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was measured by a modified method of the monodansyleadaverine 
(Sigma Chemical, St. Louis) incorporation assay.” 

Platelet aggregation. Blood was collected from a normal donor 
into plastic tubes containing 1/10 volume of 3.8% trisodium citrate 
and 25 ug/mL apyrase (Sigma Chemical). Platelets were subse- 
quently isolated by gel filtration on a Sepharose 2B column equili- 
brated with Tyrode's buffer containing 3.5 mg/mL bovine serum 
albumin. Aggregation studies were performed in an aggregometer 
(Rikadenki Kogyo, Tokyo) on 500 uL of gel-filtered platelets (10° 
cells/mL) following addition of 39 uL of thrombin solution at the 
final concentrations of 1.1 x 107° mol/L to 4.0 x 10°-* mol/L. 

Interaction with antithrombin III. Purified human antithrom- 
bin III was obtained from Boehringwerke (Marburg, West Ger- 
many). Thrombin or thrombin Tokushima was incubated at 25 °C in 
twofold excess relative to antithrombin II in 0.05 mol/L Tris-HCI] 
(pH 8.0)/0.1 mol/L NaCl. Serial aliquots were removed for SDS- 
PAGE and for residual thrombin activity measurements. Protein 
concentrations were determined by absorbance measurement at 
280 nm. Molecular weight (72,000) and extinction coefficient 
(Eih = 13.8) were assumed to be the same for “prothrombin” and 
prothrombin Tokushima. Molecular weight (36,800) and extinction 
coefficient (Elf, = 18.3) were also assumed to be the same for 
thrombins. 

SDS-PAGE (8% polyacrylamide gel) in the presence and absence 
of 2-mercaptoethanol was performed by the method of Weber and 
Osborn.” The gels were stained with Coomassie brilliant blue 
R-250. 


RESULTS 


Properties of the purified prothrombin Tokushima. 
Since prothrombin Tokushima was totally adsorbed 
onto barium citrate,'*'* the usual technique for prothrombin 
purification was employed to isolate the mutant molecule. A 
single peak containing prothrombin Tokushima was eluted 
from a DEAE-Sephadex A-50 column at the same ionic 
strength as that observed for “prothrombin.” However, the 
yield of prothrombin Tokushima was about half that of 
“prothrombin” (data not shown). Both preparations 


1500 


othrombin 


1000 


Incubation Time rmes 


Fig 1. Generation of the thrombin activity upon activation of 
“prothrombin” and prothrombin Tokushima by bovine factor Xa. 
Sixty-two micrograms each of “prothrombin” (@) and prothrombin 
Tokushima (O) were incubated at 37 °C with 0.8 ug of factor Xa, 
8.4 ug of bovine factor Va, and 30 ug of rabbit brain cephalin in 0.3 
mL of 0.05 mol/L Tris-HCI (pH 8.0) containing 0.1 mol/L NaCl and 
0.01 mol/L CaCl,. The generated thrombin was measured by the 
fibrinogen clotting assay at selected intervals until reaching a 
plateau. The clotting activity of a-thrombin was determined using 
purified human fibrinogen (approximately 95% clottable). A refer- 
ence curve was prepared using NIH standard thrombin (lot B3). 
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Fig 2. Factor Xa-catalyzed proteolysis of “prothrombin” and 
prothrombin Tokushima. The activation of each prothrombin was 
performed under the same conditions as described in Fig 1. After 
incubation at 37 °C for varying time periods, 50 ul aliquots were 
removed for SDS-PAGE. Prothrombin, a-thrombin, fragment 1, 
fragment 2, B chain, and A chain are abbreviated, respectively, as 
P, T, F1, F2, Bch and Ach. 


migratec as a single band with the same mobility of SDS- 
PAGE, and their molecular weights were estimated as 
72,000. 

Activation of purified “prothrombin” by factor Xa in the 
presence of factor Va, phospholipids and Ca’’ produced 
thrombin with a specific activity of 1300 NIH U/mg after 
five minutes incubation. However, as shown in Fig 1, the 
thrombin activity produced from prothrombin Tokushima 
reached a plateau with about 21% of the normal level after 
10 minutes. 

The c eavage patterns of prothrombin by factor Xa on 
SDS-PAGE indicated that the proteolysis of prothrombin 
Tokushima was indistinguishable with that of “prothrom- 
bin,” yie ding thrombin, fragment | and fragment 2, with the 
molecular weights identical to those of the normal counter- 
parts (Fg 2). Moreover, upon reduction thrombin Toku- 
shima yielded B chain and A chain with the same molecular 
weight as those found in “a-thrombin.” These results suggest 
that the cleavage sites of prothrombin Tokushima by factor 
Xa are normal and that the defect apparently resides in the 
molecule in the thrombin portion. 

Preparation of the purified thrombin  Tokushi- 
ma. Thrombin Tokushima was prepared by CM-Sepha- 
rose CL-6B column chromatography after prothrombin acti- 
vation by factor Xa, as described in Materials and Methods. 
As showr in Fig 3, thrombin Tokushima eluted as single peak 
at the same ionic strength as that observed for “a-thrombin.” 
Figure 4 shows the SDS-PAGE patterns of thrombins thus 
purified. The molecular weight of the reduced and unre- 
duced forms of thrombin Tokushima appeared indistinguish- 
able from that of “a-thrombin.” 

Enzymatic properties of thrombin Tokushima. Active 
Site titration studies using p-NPGB revealed that thrombin 
Tokushima possessed the same catalytic activity as “a- 
thrombin.” As shown in Table 1, 95.7% of the catalytic sites 
in thrombin Tokushima was titratable with p-NPGB. On the 
other hand, kinetic analysis for the hydrolysis of Boc- 
Val-Pro-Arg-MCA by thrombin Tokushima yielded a higher 
Km, a lower keat, and a lower kcat/Km ratio than that of 
“a-throm bin.” The fibrinogen clotting activity of thrombin 
Tokushima was 525 NIH U/mg corresponding to 21.5% of 
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Fig3. CM-Sepharose CL-6B column chromatography of “‘a-thrombin” (A) and thrombin Tokushima (B). “Prothrombin” (1.76 mg) and 
prothrombin Tokushima (1.68 mg) were activated separately as described in Methods,” and the reaction mixture was applied to the 
column. After elution of the first peak containing fragments 1 and 2, thrombin was eluted with a 0 to 0.7 mol/L NaCl gradient in 0.05 mol/L 


sodium phosphate buffer, pH 6.5. Protein concentration wes measured by absorbance at 280 nm | 


(-----) and the molarity of NaCl(—--—) are shown. 


normal, although it was 69.9% as effective as “a-thrombin™ 
in the activation of factor XIII. 

Figure 5 shows the thrombin-induced platelet aggregation 
by “a-thrombin”™ and thrombin Tokushima. At an enzyme 
concentration of 2 x 10° mol/L, rapid aggregation was 
observed with “a-thrombin,” whereas no aggregation was 
induced by thrombin Tokushima at comparable concentra- 
tion. Based on the amount of enzyme required to give an 
equivalent incomplete aggregation, thrombin Tokushima 
was less than 3% as effective as “a-thrombin.” 

Figure 6A shows SDS-PAGE analysis of the thrombin- 
antithrombin II] interaction. When an excess molar ratio of 
“a-thrombin” to antithrombin II] was employed, the band of 
antithrombin III disappeared within ten minutes incubation, 
and a high molecular weight complex I, probably consisting 
of a 1:1 enzyme:inhibitor stoichiometric complex, appeared 
on SDS-PAGE. After incubation for 30 minutes, complex IH, 
which has been attributed to partially degraded complex,” 
was observed. When thrombin Tokushima and antithrombin 
Ill were incubated under identical conditions, only a small 
amount of complex I was formed after ten minutes. Follow- 
ing incubation for 30 minutes, the amount of complex I 
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Fig4. Analysis of purified thrombins by SDS-PAGE. a-Throm- 
bin, B chain, and A chain are abbreviated, respectively, as T, Bch, 
and Ach. 





),and the thrombin clotting activity 


increased, while no complex IH was observed. These results 
suggest a decreased rate in the formation of the thrombin- 
antithrombin III complex, and little, if any, degradation of 
this complex with thrombin Tokushima, as compared to that 
of “w-thrombin.” Figure 6B shows the time course of throm- 
bin inhibition by antithrombin III in the absence of heparin. 
In both cases a time-dependent inhibition of the thrombin 
activity was observed. After ten minutes incubation the 
residual activity of “a-thrombin” reached a plateau with 
45% of the initial activity, and thrombin Tokushima was 
inhibited by antithrombin III at a slower rate than that of 
“aæ-thrombin.” Based on the residual thrombin activity after 
one minute incubation with antithrombin III, thrombin 
Tokushima was one third as effective as “a-thrombin™ in 
forming the enzyme: inhibitor complex. A summary of these 
results is presented in Table 2. 


DISCUSSION 


Reports of congenital dysprothrombinemia have amounted 
to 16 families, which can be divided into three groups in terms 
of the localization of the functional defect within the molecule. 
The first group, typified by prothrombin San Juan,’ has an 
abnormality in the fragment | - 2 region of the molecule. The 
second group, which includes prothrombin Barcelona’ and 
prothrombin Madrid,* shows abnormalities in the sites cleaved 
by factor Xa. In the third group the thrombin portion of the 
molecule is abnormal, and examples of this group include 
prothrombin Quick, prothrombin Metz,’ and prothrombin 
Salakta."’ 


Table 1. Comparison of the Kinetic Parameters of “a-Thrombin” 








and Thrombin Tokushima 
Thrombin 
Titration with a-Thrombin Tokushima 
p-NPGB (%) 100 95.7 
Kinetic constants* 
Km (umol/L) 12.0 94.5 
kcat (sec™') 93.5 49.4 
kcat/Km (umol/L~' s~ ') 7.79 0.52 





*Kinetic constants were determined at 37 °C in 1 mL of 0.05 mol/L 
Tris-HCI (pH 8.0) containing 0.15 mol/L NaCl and 1 mmol/L CaCl,. 
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Fig 5. Thrombin-induced aggregation of gel-filtered platelets. 


Platelet concentration was 10°/mL in Tyrode’s buffer. Thrombin 
Tokushima or “‘a-thrombin” was added at the final concentration 
indicated. 


As we reported previously, prothrombin Tokushima is 
quantitatively adsorbed onto barium citrate, and the immu- 
noelectrophoretic pattern of this prothrombin in plasma also 
appears to be normal.'*'* Moreover, the proteolytic process- 
ing of prothrombin Tokushima by factor Xa is indistinguish- 
able from “prothrombin,” as shown in this report. However, 
the prothrombin assay in plasma using the procoagulant 
fraction of Echis carinatus venom” and staphylocoagulase”’ 
as activating agents demonstrated only a small percentage of 
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Fig 6. Inhibition of thrombin by antithrombin Ill, “‘a-thrombin”™ 
or thrombin Tokushima (1 x 10 f mol/L was incubated with 
antithrombin Ill (5 x 10°’) in 0.05 mol/L Tris-HCI (pH 8.0) contain- 
ing 0.1 mol/L NaCl. Serial aliquots (60 uL) were removed for 
SDS-PAGE. (A) Antithrombin Ill (1.9 ug), ‘a-thrombin” (2.2 ug) 
and thrombin Tokushima (2.2 ug) were applied to gels. (B) The 
remaining thrombin clotting activity was measured under the 
same conditions as described for Fig 1. The results are given in 
percentage of the initial thrombin activity v incubation time. 
Thrombin Tokushima (O) and ‘‘a@-thrombin” (@). 


INOMOTO ET AL 


Table 2. Summary of the Relative Activity (%) of Thrombin 
Tokushima with “a-Thrombin” 





=ibrinogen 21.5 
“actor XIII activation 69.9 
latelet aggregation 2.5 
Antithrombin |! inhibition 33.3 





the normal clotting activity (data not shown). These observa- 
tions suggest that the defect of prothrombin Tokushima may 
result from altered catalytic properties of the resulting 
thrombir. This prompted us to isolate thrombin produced 
upon act vation of purified prothrombin Tokushima, and to 
characterize further its catalytic properties in a purified 
system. 

Abnormal properties of thrombin Tokushima are observed 
in its kinetic parameter. The values of Km and kcat of 
thrombin Tokushima for Boc-Val-Pro-Arg-MCA are both 
abnorma , indicating that it differs from “a-thrombin™ not 
only by i-s affinity for the substrate but also by its catalytic 
efficiency. The active-site titration value of thrombin Toku- 
shima using p-NPGB is the same as that of “a-thrombin,” 
suggesting that the residues that comprise the catalytic triad 
must be normal. These enzymatic properties are different 
from those of thrombin Quick® and thrombin Metz.’ The 
active sitz titration of thrombin Metz using dansylarginine- 
N-(3-ethyl-1,5-pentanediol) amide (DAPA) has revealed 
that the fluorescence enhancement is only 34% of the maxi- 
mum fluorescence observed with “a-thrombin,” suggesting 
an abnormality of the catalytic site. Thrombin Quick has 
also been reported to have similar properties to those of 
thrombin Metz. 

Thrombin Tokushima has no apparent platelet-aggregat- 
ing activity at a concentration of 2 x 10~° mol/L. However, 
at higher concentration of thrombin Tokushima (4 x10” 
mol/L), incomplete aggregation of platelets was observed. In 
thrombin-mediated platelet activation, the catalytic site of 
thrombin and its binding site with platelets are both essential 
for this process. Concerning the thrombin-binding site in 
platelets, both high-affinity binding site (Kd = 1.5 x 107° 
mol/L) and low-affinity binding site (Kd = 3 x 10~’ mol/ 
L) have teen reported.” The decreased activity of thrombin 
Tokushima in initiating platelet aggregation in all likelihood 
reflects its reduced affinity to the high-affinity binding site in 
platelet, since titration of thrombin Tokushima with p- 
NPGB reveals a normal catalytic site. 

Complex formation between antithrombin II] and throm- 
bin Tokushima also occurs at a slow rate in comparison to 
“a-thrombin.” In addition, degradation of this complex is 
significantly less, indicating an abnormality of thrombin 
Tokushima in its interaction with antithrombin HHI. 

In conclusion, the activities of thrombin Tokushima on 
synthetic tripeptide substrate, fibrinogen, factor XIII, plate- 
lets, and antithrombin III are reduced when compared with 
“a-thrombin,” while active site titration with p-N PGB shows 
a normal value. Thus, in thrombin Tokushima the catalytic 
triad, consisting of the residues with His—43, Asp—99, and 
Ser—205 of the thrombin B chain,” seems to be structurally 
intact, but other residues in the vicinity of the catalytic site, 
eg, apolar binding sites,” may be structurally abnormal. 
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A Murine Antiglycoprotein Ib Complex Monoclonal Antibody, SZ 2, Inhibits 
Platelet Aggregation Induced by Both Ristocetin and Collagen 


By Changgeng Ruan, Xiaoping Du, Xiaodong Xi, Peter A. Castaldi, and Michael C. Berndt 


A new monocional antibody (MoAb), SZ 2, reactive with 
the human platelet glycoprotein Ib complex has been 
produced by the hybridoma technique. SZ 2 immunopre- 
cipitated the components of the glycoprotein ib complex, 
glycoprotein ib and glycoprotein IX, from Triton-X-100- 
solubilized, periodate-labeled platelets. Western blot anal- 
ysis indicated that the epitope for SZ 2 was on the 
a-subunit of glycoprotein ib. Scatchard analysis of SZ 2 
binding to formaldehyde-fixed, washed platelets revealed a 
single class of binding sites with K, = 6.6 + 3.3 x 10°" 
mol/L and 15,200 = 4,100 binding sites per platelet 
{mean + SD, n = 10). Intact antibody and its purified 
(Fab), fragments not only inhibited the ristocetin-depen- 
dent binding of von Willebrand factor to platelets and 
ristocetin-induced platelet agglutination but also inhibited 
platelet aggregation induced by Type | collagen and plate- 
let-activating factor (PAF). SZ 2 inhibited platelet serotonin 
and §-thromboglobulin release in response to these stimuli 


N RESPONSE to vascular injury, the initial event in 
hemostasis involves the adhesion of platelets to collage- 
nous and noncollagenous elements in the exposed subendo- 
thelium. ? At high shear flow, in capillaries and the micro- 
vasculature, both plasma von Willebrand factor and von 
Willebrand factor incorporated in the vessel wall subendo- 
thelial matrix play an important role in platelet adherence?“ 
At low shear rate in aorta and large blood vessels, platelet 
adhesion occurs independently of von Willebrand factor’ 
and presumably involves the direct adhesion of platelets to 
fibrils of collagen. There is now convincing evidence that the 
platelet membrane glycoprotein Ib complex is the receptor 
involved in the von Willebrand factor-dependent adhesion of 
platelets to exposed vascular subendothelium.® Bernard- 
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and also platelet thromboxane A, formation in response to 
ristocetin and collagen. SZ 2 was without effect on platelet 
aggregation or release in response to other platelet stimuli 
such as ADP, thrombin, or arachidonic acid. The inhibition 
by SZ 2 of collagen- and PAF-induced platelet aggregation 
is surprising in that Bernard-Soulier syndrome platelets, 
which lack the glycoprotein Ib complex, respond normally 
to both these stimuli. SZ 2 was unreactive toward Bernard- 
Soulier syndrome platelets, as evaluated by fluorescence- 
associated cell sorting, and had no effect on the collagen- 
and PAF -induced aggregation of Bernard-Soulier syndrome 
platelets. The combined results suggest that the inhibition 
by SZ 2 of collagen- and PAF-induced aggregation of 
normal platelets is steric and are consistent with the 
glycoprotein ib complex and the platelet collagen and PAF 
receptor(s) being adjacent in the human platelet plasma 
membrane. 

è 1987 by Grune & Stratton, inc. 


Soulier syndrome platelets, which lack the components of the 
glycoprotein Ib complex,’ fail to bind von Willebrand factor,’ 
to agglutinate in the presence of ristocetin,*'® and to adhere 
normally to subendothelium.’ The glycoprotein Ib complex is 
a heterodimer complex and contains both glycoprotein Ib 
and glycoprotein [X.'' On SDS-polyacrylamide gels, glyco- 
protein Ib has an apparent molecular weight of 170,000 and 
consists of two disulfide-linked subunits, Ib, and Ibs, with 
apparent molecular weights of 135,000 and 25,000, respec- 
tively. Glycoprotein IX has an apparent molecular weight of 
22,000 under both nonreducing and reducing conditions.'! 
The binding domain for von Willebrand factor appears to be 
present on the a-subunit of glycoprotein Ib.*!* The available 
evidence suggests that the glycoprotein Ib complex does not 
play an important role in platelet-collagen interaction. Ber- 
nard-Soulier syndrome platelets aggregate normally in 
response to collagen.'* Further, the murine monoclonal anti- 
body (MoAb), AN 51, directed against the a-subunit of 
glycoprotein Ib,"* blocks ristocetin-induced, von Willebrand 
factor-dependent platelet agglutination but has no effect on 
platelet aggregation induced by types I or HI collagen 
fibrils." In this study we describe a new murine MoAb, SZ 2, 
directed against the a-subunit of glycoprotein Ib, which not 
only inhibits ristocetin-induced, von Willebrand factor- 
dependent platelet agglutination but also collagen-induced 
and platelet-activating factor (PAF)-induced platelet aggre- 
gation. The combined data are consistent with the platelet 
glycoprotein Ib complex, the platelet collagen receptor, and 
the platelet PAF receptor being sterically adjacent in the 
human platelet plasma membrane. 


MATERIALS AND METHODS 


Materials. Bovine serum albumin (Fraction Vj. adenosine 
diphosphate, hypoxanthine, aminopterin, thymidine, A 23187, plate- 
let-activating factor, and arachidonic acid were purchased from 
Sigma, St. Louis: sodium periodate (Univar} from Ajax Chemicals, 
Sydney, Australia; pristane from Aldrich, Milwaukee, WI; polyeth- 
ylene glycol 4000 from Merck, Darmstadt, West Germany; ristoce- 
tin sulfate from Lundbeck, Copenhagen, Denmark; epinephrine 
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from Wuxi No. 4 Pharmaceutical Plant, Wuxi, China; equine 
tendon collagen from Horm, Munich, West Germany, bovine von 
Willebrand factor from Speywood, England; bovine a-thrombin 
from Biochemical Products, Tianjing, China; RPMI 1640 medium 
from Gibco, Grand Island, NY; pepsin from Worthington, Freehold, 
NJ; protein- A-Sepharose CL~4B from Pharmacia, Sydney, Austra- 
lia: Na 5} from New England Nuclear, Boston; and *H-sodium 
borohydride from Amersham, Sydney, Australia. Platelet-activating 
factor (PAF), type I calf skin collagen, and human a-thrombin were 
the generous gifts of Dr Vargaftig, Paris, Dr Y. Legrand, Paris; and 
Dr J. W. Fenton, Il, Albany, NY, respectively. Fluorescein-tagged 
goat antimouse IgG was from Cappel, Philadelphia; peroxidase- 
conjugated goat antimouse IgG was from Kirkegaard and Perry 
Laboratories, Gaithersburg, MD. Human von Willebrand factor 
was purified from commercial Factor VIH concentrate (CNTS, 
Paris, France) essentially as previously described'® and labeled by 
lactoperoxidase-catalysed radioiodination. 

Platelet preparation and labeling. Platelet preparation from 
freshly drawn blood, platelet washing, and the periodate-labeling of 
platelets were each performed as previously described.” For fluores- 
cence-associated cell sorting and the analysis of SZ 2 binding to 
platelets, the platelets were washed and then fixed with 1% (wt/vol) 
paraformaldehyde essentially as previously described.” Blood was 
also obtained from two patients, RS and LS, with the Bernard- 
Soulier syndrome.’ Platelets were isolated from these patients essen- 
tially as previously described.’ 

Monoclonal antibodies. The SZ 2 antibody (IgG,) was pre- 
pared according to the method of Koehler and Milstein’* using 
8-week-old BALB/C mice and washed platelets as the immunogen. 
Clones were assessed for antibody secretion into supernatant culture 
fluid by radioimmunoassay (RIA) using ‘I-labeled affinity- 
purified rabbit antimouse IgG and washed platelets essentially 
according to our previously described method.'' Selected hybrid- 
omas were grown to confluence in 2-mL Costar plates and subse- 
quently in 25-cm? plastic flasks. Cloning was performed by the 
limiting dilution method using 96-well microtitre plates with mouse 
peritoneal macrophage feeder layers. For SZ 2 this procedure was 
repeated a total of six times, prior to injection (1 0’ cells) intraperito- 
neally (IP) into BALB/C mice previously primed with 0.5 mL of 
pristane. Resulting ascitic fluid was drained, centrifuged, and stored 
at — 20 °C. 

IgG was purified from SZ 2 ascites fluid by chromatography on 
protein-A-Sepharose CL-4B as described by Ey et al? and was 
dialysed against either 0.01 mol/L sodium phosphate, 0.15 mol/L 
sodium chloride, pH 7.4 (PBS buffer) or 0.01 mol/L Tris, 0.15 
mol/L sodium chloride, pH 7.4 prior to storage at ~ 20°C. The 
purified IgG gave a single band at ~150,000 molecular weight as 
assessed by SDS-polyacrylamide gel electrophoresis under nonre- 
ducing conditions. SZ 2 (Fab’), fragments were prepared from SZ 2 
igG by pepsin digestion as described by Coller.” On SDS-polyacryl- 
amide gel electrophoresis under nonreducing conditions, the SZ 2 
(Fab’), gave a single band with a molecular weight of = 100,000. SZ 
2 1gG was radioiodinated by the chloramine T method; >95% of the 
incorporated radioactivity was precipitable by 10% (wt/vol) trichlo- 
roacetic acid. Other MoAbs against the human platelet glycoprotein 
Ib complex have been previously reported: FMC 25 (IgG,)'"""*; AN 
51 (IgG); WM 23 (igG,)''; and AP 1.7 AP I was the generous 
gift of Dr T. J. Kunicki, Milwaukee. In some experiments SZ 21 
(igG,) and WM 17 (IgG,,) directed against the human platelet 
glycoprotein IIb/Il]a complex and FMC 18 (IgG,) directed against 
an antigen on Toxoplasma gondii” were used as negative controls. 
igG was purified from these MoAbs by chromatography on protein- 
A-Sepharose CL~4B essentially as described above. 

Aggregation studies. The effect of MoAb IgG or (Fab’), frag- 
ments on platelet aggregation response was evaluated essentially as 


previously described.'* Platelet aggregation was followed in PRP 
(3 x 10° platelets/mL, final concentration) stirred at 1,000 rpm at 
37 °C using either a Payton (Scarborough, Ontario) lumiaggregom- 
eter (model 1000) or a PAM-2 aggregometer (Danyang, China). 
Monoclonal antibody IgG (10 to 50 ug/mL, final concentration) or 
{Fab’), fragments (10 ng/mL) were added three minutes before the 
addition of stimuli at the following final concentrations: ADP, 2 
pmol/L; epinephrine, 2.5 pmol/L; type I calf skin collagen, 10 to 20 
pg/mL; equine tendon collagen, 0.5 to | ug/mL; ristocetin, 1.25 
mg/mL; bovine vWF, 0.75 U/mL; A23187, 16 wmol/L; PAF, 0.3 
umol/L; and arachidonic acid, 200 ug/mL. Platelet aggregation in 
response to a-thrombin was performed using washed platelets sus- 
pended in Tyrode's solution (3 x 10° platelets/mL, final concentra- 
tion; human e-thrombin, 0.05 to 0.1 U/mL; bovine a-thrombin, 
0.125 U/mL). To evaluate platelet release the contents of the 
aggregometer cuvette were centrifuged five minutes after the addi- 
tion of the platelet stimulus. Released serotonin was measured using 
the fluorescence method of Curzon et al.” 8-Thromboglobulin was 
measured by RIA (the 8-thromboglobulin assay kit was supplied by 
Shanghai 2nd Medical College, Shanghai, China). The formation of 
thromboxane B, was measured according to the procedure of Fitz- 
patrick,” using an iodinated tracer of thromboxane B,. The anti- 
thromboxane B, antibody used for this assay was the generous gift of 
Dr J. Maclouf (Unite 150 INSERM, Hopital Lariboisiere, Paris). 

Inhibition of binding of von Willebrand factor to plate- 
lets. Binding of von Willebrand factor (vWF) to washed platelets 
was determined as previously described’? with minor modification. 
The binding assay for I-labeled vWF to platelets was performed at 
room temperature ina final volume of 0.25 mL. Each tube contained 
200 uL of washed platelets (2 x 10°). 20 uL of PBS buffer or MoAb 
IgG (10 to 40 ug/mL, final concentration) in PBS buffer, 20 uL of 
25] Jabeled vWF (25,000 cpm, 10 g/mL final concentration), and 
10 uL of ristocetin (1 mg/mL, final concentration). After 30 
minutes duplicate 100-uL aliquots of the reaction mixture were 
overlayed on 50 uL of dibutyl phthalate/dioctyl phthalate (2:1) ina 
narrow bore eppendorf tube and centrifuged at 12,000 g for three 
minutes. After careful aspiration of the supernatant, the pellet was 
counted for radioactivity in a gamma counter. Control experiments 
with this assay system confirmed that >95% of the binding of 
251 labeled vWF to platelets was ristocetin-dependent. 

Monoclonal antibody binding to platelets. Binding of SZ 2 IgG 
to formaldehyde-fixed, washed human platelets was assessed by 
equilibrium saturation analysis of '*I-labeled SZ 2 IgG binding 
essentially as described by Powell-Jones et al.” Preliminary experi- 
ments established that equilibrium binding of SZ 2 IgG to platelets 
was achieved within 30 minutes under the assay conditions and 
remained at a constant level until 60 minutes. For the equilibrium 
saturation analysis of binding, 0.01 to 100 ug/ml., final concentra- 
tion, of unlabeled SZ 2 IgG in PBS bufer was mixed with 10,000 
cpm of '*]-labeled SZ 2 in the same buffer and added to the platelet 
suspension (10’ platelets/tube; in PBS buffer containing 0.3% 
(wt/vol) bovine serum albumin). The final volume was 200 ui /tube. 
After incubation at 37 °C for 60 minutes, the platelets were sepa- 
rated by centrifugation, washed briefly in PBS buffer containing 
0.1% (wt/vol) bovine serum albumin, and the pellet counted for 
radioactivity in a gamma counter. Control experiments confirmed 
that no dissociation of bound SZ 2 occurred within the time period of 
the platelet washing step. Nonspecific binding under the assay 
condition was <2%. Binding data was analyzed according to the 
method of Scatchard.” The effect of a 100-fold excess of the 
antiglycoprotein Ib complex MoAbs, FMC 25, WM 23, AN 51, and 
AP 1, on the equilibrium binding of SZ 2 to platelets was performed 
using platelet-rich plasma prepared from venous blood collected inte 
3.2% sodium citrate as anticoagulant essentially as described by 
Coller et al.” 


572 


Platelet immunofluorescence and examination by flow cytome- 
try. Normal or Bernard-Soulier syndrome platelets (0.5 to 1.0 x 
10°) were incubated with saturating concentrations of SZ 2 IgG or 
WM 17 IgG at 20 °C for ten minutes with intermittent agitation and 
then washed twice with Hanks’ buffered saline solution (HBSS) 
containing 8 mmol/L potassium EDTA. As a control, first layer 
MoAb was substituted with an “irrelevant” MoAb, FMC 18, which 
reacts only with T gondii. The washed platelets were then incubated 
with fluorescein-conjugated goat antimouse IgG (previously opti- 
mized for titre) at 20 °C for ten minutes and then washed twice as 
described above. The amount of platelet-bound antibody was ana- 
lyzed on a FACS 440 flow cytometer (Becton Dickinson, Mountain 
View, CA) using an argon ion laser at 488 nm and 200 mW and a 
530 + 15 nm bandpass filter for log fluorescence determination. 
Data was stored and analyzed as LIST-mode files on a Becton 
Dickinson Consort 40 computer essentially as described by Adelman 
et al.” 

Immunoprecipitation. Immunoprecipitation using the mouse 
MoAb, SZ 2, employed the Triton X-100 lysate of periodate-labeled 
platelets and was performed as previously described.'''* A mouse 
MoAb, WM 21, directed against human CALLa, was used as the 
negative control. 

Electrophoresis. SDS-polyacrylamide gel electrophoresis, pro- 
tein staining, fluorography, western blot analysis, and crossed immu- 
noelectrophoresis were all performed as previously described.'"" 


RESULTS 


Immune studies: Demonstration that SZ 2 is directed 
against the human platelet glycoprotein Ib complex. 1m- 
munization of mice with washed human platelets led to the 
establishment of a number of hybridoma cell lines secreting 
MoAbs to human platelets. One of these MoAbs, SZ 2, 
proved to be of special interest and was the subject of further 
detailed studies. The results of immunoprecipitation experi- 
ments using Triton-X-100-solubilized, periodate-labeled 
platelets are shown in Fig 1. SZ 2 immunoprecipitated the 
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Fig 1. Fluorography of an exponential 5% to 20% SDS- 


polyacrylamide gel run under nonreduced (lanes 1 through 3) and 
reduced conditions (lanes 4 through 6) of the WM 21 and SZ 2 
immunoprecipitates derived from the Triton X-100 lysate of 
periodate-labeled platelets. Lanes 1 and 4, Triton X-—100 lysate of 
periodate-labeled platelets; lanes 2 and 5, WM 21 immunoprecipi- 
tate; lanes 3 and 6, SZ 2 immunoprecipitate. Molecular weight 
markers in order of decreasing molecular weight are myosin 
(200,000), 8-galactosidase (130,000), phosphorylase b (94,000), 
bovine serum albumin (68,000), ovalbumin (43,000), carbonic 
anhydrase (29,000), soybean trypsin inhibitor (21,000), and lyso- 
zyme (14,000). 
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components of the glycoprotein Ib complex (Fig | lane 
3—nonreduced; lane 6—reduced). The glycoprotein assign- 
ments are based on the apparent molecular weights under 
nonreducing and reducing conditions'' and their correspon- 
dence to the platelet glycoprotein profile in the platelet 
lysate: 2lycoprotein Ib, nonreduced mol wt = 170,000, 
reduced mol wt = 135,000 and 25,000, most intensely 
labeled glycoprotein by the sialic-acid-specific periodate 
labeling procedure”; glycoprotein IX, nonreduced and 
reduced mol wt = 22,000. In addition, SZ 2 gave the same 
immunoprecipitation pattern when directly compared with 
other de‘ined antiglycoprotein Ib complex MoAbs, FMC 25, 
WM 23. AN 51, and AP | (data not shown) and the same 
pattern of minor bands previously observed in immunopre- 
cipitation experiments with FMC 25, AN 51, and quinine/ 
quinidine drug-dependent antibodies.'* These comprise two 
minor bands of slightly lower apparent molecular weight 
than glycoprotein Ib in the nonreduced gel (lane 3) and a 
band of slightly higher molecular weight than glycoprotein 
Ib (lane 3) and glycoprotein Ib, (lane 6) in the nonreduced 
and reduced gels, respectively. As previously discussed in 
detail,'* these bands probably derive from partial reduction 
of glycoprotein Ib and the co-precipitation of glycoprotein Ia 
with the glycoprotein Ib complex. 

Since both the glycoprotein Ib complex and glycoprotein 
la co-immunoprecipitate with antiglycoprotein Ib complex 
MoAbs,'*?”° presumably because of their mutual associa- 
tion with actin-binding protein,” western blot analysis and 
crossed immunoelectrophoresis were performed to further 
characte~ize the reactivity of SZ 2. By western blot analysis, 
SZ 2 reacted with a single protein band of molecular weight 
170,000, nonreduced, and 135,000, reduced (Fig 2), consis- 





Fig 2. Western blot of SDS-polyacrylamide-gel-separated 
human platelet proteins probed with SZ 2. The experiment was 
performed as described under Materials and Methods. Molecular 
weight markers in order of decreasing molecular weight are 
myosin (200.000), -galactosidase (130,000), phosphorylase b 
(94,000), 20vine serum albumin (68,000), ovalbumin (43,000), 
carbonic anhydrase (29,000), and soybean trypsin inhibitor 
(21,000). 
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tent with SZ 2 recognizing an epitope on the a-chain of 
glycoprotein Ib. In contrast, glycoprotein la has an apparent 
molecular weight of 153,000 under nonreducing conditions 
and 167,000 under reducing conditions.” The reactivity of 
SZ 2 was further assessed by performing crossed immunoel- 
ectrophoresis with polyspecific rabbit antihuman platelet 
antisera and by incorporating radioiodinated SZ 2 IgG or 
WM 23 IgG in the intermediate gel in the second dimension. 
On autoradiography, SZ 2 gave an equivalent pattern to that 
observed with the antiglycoprotein Ib complex MoAb, WM 
23.'' There was no binding in the region of the gel previously 
shown to contain the immuneprecipitation arc for glycopro- 
tein la” (data not shown). 

Binding of '*1-SZ 2 to fixed, washed platelets was rapid, 
being ~50% complete within =five minutes and reached 
saturation within 30 minutes. Figure 3 shows the relationship 
between the amount of SZ 2 added and the amount bound. 
Binding of SZ 2 reached saturation with ~0.3 ug of SZ 2 
bound per 10° platelets. Scatchard analysis revealed a single 
class of binding sites (Fig 3) with Ka = 6.6 + 3.3 x 10° 
mol/L and 15,200 + 4,100 binding sites per platelet 
(mean + SD, n = 10). The results are comparable with the 
number of binding sites determined under identical condi- 
tions for the antiglycoprotein Ib complex MoAb, AN 
§1:12,800 + 3,000 (mean + SD, n = 10)** and similar to the 
number of binding sites found for other antiglycoprotein Ib 
complex MoAbs with platelets in platelet-rich plasma.''”° 
The binding of '“I-SZ 2 (1 ug/mL) to platelets in piatelet- 
rich plasma (10°/mL) was inhibited by >98% by a 100-fold 
excess of unlabeled SZ 2, by =35% by 100 ug/mL of AP I, 
by ~25% by 100 ug/mL of AN 51, and by <10% by 100 
ng/mL of WM 23 or FMC 25 (data not shown), indicating 
that SZ 2 bound to a unique epitope on the glycoprotein Ib 
complex relative to the other antiglycoprotein Ib complex 
MoAbs. 

Effect of SZ 2 on platelet function. SZ 2 1gG (10 to 50 
ug/mL) had no effect on platelet aggregation induced by 
adenosine diphosphate, ADP (2 umol/ L), epinephrine (2.5 
umol/ L), calcium ionophore, A23187 (16 wmol/L), arachi- 
donic acid (200 ug/mL), human a-thrombin (0.05 to 0.1 
U/mL), or bovine a-thrombin (0.125 U/mL) (data not 
shown). In contrast, SZ 2 IgG (10 uwg/mL) was a potent 
inhibitor of ristocetin-induced, von Willebrand factor-depen- 
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Fig3. Effect of increasing concentration of ‘I-labeled SZ 2 on 
its steady-state binding to formaldehyde-fixed platelets. The 
insert shows a Scatchard plot of the same data with the K, = 4.4 x 
10° mol/L and the maximum number of sites ~1.3 x 10*/ 
platelet. The binding analysis was performed as described under 
Materials and Methods. 
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dent platelet agglutination (Fig 4A) and bovine von Wille- 
brand factor-dependent platelet agglutination (Fig 4B). SZ 
2 IgG directly inhibited ristocetin-induced platelet aggluti- 
nation, since at saturating concentrations it blocked the 
ristocetin-dependent binding of human von Willebrand fac- 
tor to washed human platelets by ~80%. In this regard, it was 
less effective than AN 51 IgG, which completely blocked 
ristocetin-dependent von Willebrand factor binding under 
the same conditions (data not shown). SZ 21, directed 
against the human platelet glycoprotein Hb/lHa complex, 
inhibited ristocetin-dependent von Willebrand factor binding 
by <20% (data not shown). Unexpectedly, SZ 2 IgG (10 
ug/mL) was also a potent inhibitor of platelet aggregation 
induced by type I calf skin collagen (20 ng/mL) (Fig 4C) 
and by platelet-activating factor, PAF (0.3 wmol/L) (Fig 
4D). SZ 2 IgG (10 to 50 g/mL) was also a strong inhibitor 
of platelet aggregation induced by the more potent collagen 
stimulus, equine tendon collagen (0.5 to 1.0 ug/mL) (data 
not shown, cf Fig 6). Higher concentrations of equine tendon 
collagen (2 to 10 wg/mL) partially overcame the inhibitory 
effect of SZ 2 IgG. However, the lag time before the onset of 
platelet shape change and aggregation was always increased 
in the presence of SZ 2 IgG, and the rate of aggregation was 
always slower than the rate in the absence of SZ 2. Since 
there is some evidence that the platelet Fc-receptor and the 
glycoprotein Ib complex may be sterically related in the 
human platelet membrane,” the aggregation experiments 
were repeated with SZ 2 (Fab’), fragments to eliminate the 
possibility that the Fce-region of the mouse immunoglobulin 
had a compounding effect on the observed results. The SZ 2 
(Fab), fragments, however, at 10 pg/mL gave similar 
inhibitory effects with respect to the intact immunoglobulin 
for platelet aggregation induced by ristocetin, by type Í calf 
skin collagen, and by PAF (Fig 4). Early events in platelet 
activation in response to ristocetin, collagen, and PAF as 
defined by the platelet release reaction (Table |) and throm- 
boxane B, formation (Table 2) were also inhibited by SZ 2 
IgG. In contrast, SZ 2 IgG had little or no effect on the 
release reaction or thromboxane B, formation in response to 
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Fig 4. Effect of SZ 2 and its {Fab}, fragments on platelet 
aggregation. Trace 1, buffer control; trace 2, 10 ug/ml SZ 2; trace 
3, 10 ug/ml SZ 2 (Fab), fragments. Panel A, ristocetin {1.25 
mg/mL); panel B, bovine von Willebrand factor {0.75 U/mL}; panel 
C, type | calf skin collagen (20 ug/ mL}; panel D, platelet activating 
factor (0.3 ymol/L). The platelets were pre-incubated with buffer, 
SZ 2. or SZ 2 (Fab), fragments for three minutes before the 
addition of the appropriate stimulus. 
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Table 1. Inhibition (%) of Platelet Function by SZ 2 IgG 
8-Thrombagiobulin 
Serotonin Release Release 
Stimulus {%. Inhibition} (96 Inhibition) 

Ristocetin (1.25 mg/mL} 85 78 
Collagen (20 ng/mL) 72 47 
PAF (0.3 pmol/L 73 78 
Thrombin (1 U/mL) <10 < 10 
Arachidonic Acid (200 g/mL} <10 <10 





Piatelet-rich plasma or washed platelets were pre-incubated with SZ 2 
igG (10 ng/mL), final concentration at 37 °C for three minutes before the 
addition of the appropriate stimulus. Measurement of serotonin and 
8-thromboglobulin release were as described under Materials and Meth- 
ods. The results are the mean of three separate experiments. 


a-thrombin or arachidonic acid. In addition, SZ 21, directed 
against the human platelet glycoprotein Hb/Hla complex, 
had no significant effect on platelet thromboxane B, forma- 
tion in response to either ristocetin or collagen (Table 2). 

A series of experiments were also performed to contrast 
the effects of other antiglycoprotein Ib complex MoAbs (at 
50 ug/mL, final concentration) on platelet aggregation 
induced by ristocetin (1.5 mg/mL, final concentration), 
equine tendon collagen (1 ug/mL, final concentration), PAF 
(0.1 umol/L), and ADP (5 uwmol/L). None of the antiglyco- 
protein Ib complex antibodies had any effect on ADP- 
induced platelet aggregation. Neither FMC 25 (epitope on 
glycoprotein [X)'* nor WM 23 (epitope on the a-chain of 
glycoprotein Ib)! inhibited platelet aggregation induced by 
either ristocetin or collagen. Consistent with the report of 
Ruan et al, AN 51 (epitope on the a-chain of glycoprotein 
Ib)'* completely inhibited ristocetin-induced, von Wille- 
brand factor-dependent platelet agglutination but had no 
effect on collagen-induced platelet aggregation. Similar to 
SZ 2, AP 1 (epitope on the a-chain of glycoprotein Ib) also 
completely inhibited platelet aggregation induced by both 
ristocetin” and collagen (data not shown). The inhibition of 
collagen-induced platelet aggregation by AP 1 was less 
pronounced at higher collagen concentrations in similar 


Table 2. Effect of SZ 2 and SZ 21 on the Formation of 
Thromboxane B, 





Thromboxane B, {(ng/3 x 10° Platelets, x + SD) 


SZ 2 SZ 21 


Stimulus Control {10 ug/mi} {10 pg/mL) 





Arachidonic Acid 


{330 umol/L} 1210 + 640 1060 + 380 1610 + 420 
Thrombin 

(0.125 U/mL) 151 + 68 169 + 72 203 + 95 
Collagen 

(25 g/mL} 42+ 15 9+ 3* 30 + 19 
Ristocetin 

{1.25 mg/mL) 27 + 13 9+ 3* 22+9 





Platelet-rich plasma or washed platelets were pre-incubated with SZ 2 
igG or SZ 21 IgG at 37 °C for three minutes before the addition of the 
appropriate stimulus. Measurement of thromboxane B, formation was as 
described under Materials and Methods. The results are the mean of six 
separate experiments. 

*p < 0.01 for SZ 2 IgG compared to buffer control or SZ 21 IgG by 
Student's t test. 
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manner to that observed with SZ 2. PAF-induced platelet 
aggregation was not inhibited by AN 51, WM 23, FMC 25, 
AP |, or FMC 18 (directed against T gondii). 

Effect of SZ 2 on Bernard-Soulier syndrome plate- 
lets. Tne inhibition by SZ 2 of collagen-induced aggrega- 
tion is inexplicable in the sense that Bernard-Soulier syn- 
drome p.atelets, which lack the components of the glycopro- 
tein Ib complex,’ aggregate normally in response to collag- 
en. There are two likely possibilities consistent with these 
results. One possibility is that SZ 2 is directed against an 
epitope present on more than one platelet surface membrane 
protein: SZ 2 could be directed against both the a-chain of 
glycoprozein Ib and a platelet collagen receptor. Alterna- 
tively, the inhibition of collagen-induced aggregation by SZ 
2 could te steric with the binding of SZ 2 to the glycoprotein 
Ib complex affecting the normal interaction of collagen with 
a proximal collagen receptor. The first possibility seems 
unlikely since immunoprecipitation, western blot analysis, 
and crossed immunoelectrophoresis strongly suggest that SZ 
2 is directed against an epitope present only on the glycopro- 
tein [b complex. Furthermore, another antiglycoprotein Ib 
complex antibody, AP 1, directed against a distinct epitope 
to SZ 2 ən the glycoprotein Ib complex, was also found to 
inhibit collagen-induced platelet aggregation. To help fur- 
ther distinguish between these two possibilities we examined 
the reactivity of SZ 2 toward Bernard-Soulier syndrome 
platelets. The reactivity of SZ 2 toward normal and Bernard- 
Soulier syndrome platelets as evaluated by fluorescence- 
associated cell sorting is shown in Fig 5. The upper panels 
show the reactivity of normal and Bernard-Soulier syndrome 
platelets toward FMC 18, directed against T gondii and 
establish the negative controls for background fluorescence 
by this method. The middle panels show the reactivity of 
normal and Bernard-Soulier syndrome platelets toward WM 
17, directed against the human platelet glycoprotein Iib/ 
Hia complex and establish the controls for positive platelet 
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Fig 5. Immunofluorescence profiles of normal (control) and 
Bernard-Soulier syndrome platelets (BSS) stained with FMC 18 
(against Toxoplasma gondii), WM 17 (against glycoprotein lib/ 
iia), and SZ 2 {against glycoprotein tb complex). Formaldehyde- 
fixed platelets incubated with the respective MoAb and fluores- 
cein-labeled second antibody were analyzed by fluorescence flow 
cytometry. Each single parameter histogram, cell number v log 
fluorescence {arbitrary units), was derived from the analysis of 
10,000 platelets. The experimental procedure and data analysis 
were performed as described under “Materiais and Methods.” 
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immunofluorescence. Although SZ 2 was positive against 
normal platelets, the immunofluorescence seen with Ber- 
nard-Soulier syndrome platelets was indistinguishable from 
that observed with the negative control, confirming that SZ 2 
was solely directed against an epitope present on the glyco- 
protein Ib complex. Furthermore, although SZ 2 inhibited 
collagen-induced platelet aggregation with control platelets, 
it was without effect on the collagen-induced aggregation of 
Bernard-Soulier syndrome platelets at any collagen concen- 
tration (Fig 6). The latter result strongly suggests that SZ 2 
does not bind directly to a platelet-collagen receptor and 
supports the concept that the human platelet glycoprotein Ib 
complex and the platelet-collagen receptor are proximal in 
the human platelet membrane. Similar results were obtained 
with PAF-induced platelet aggregation. Although SZ 2 (50 
ye /mL) was a potent inhibitor of the aggregation of normal 
platelets by PAF (40 nmol/L), SZ 2 had no effect on the 
PAF-induced aggregation of Bernard-Soulier syndrome 
platelets at any PAF concentration (data not shown). 


DISCUSSION 


In response to vascular injury, platelets rapidly adhere to 
the exposed vascular subendoethelium.' At high shear flow, 
one adhesion mechanism appears to involve von Willebrand 
factor’ and a specific von Willebrand factor receptor on the 
human platelet membrane surface, the glycoprotein Ib com- 
plex.? For example, Bernard-Soulier syndrome platelets, 
which apparently genetically lack the components of the 
glycoprotein Ib complex, glycoprotein Ib and glycoprotein 
IX. fail to bind von Willebrand factor.” to agglutinate in the 
presence of ristocetin,”'° and to adhere normally to subendo- 
thelium at high shear flow.” In recent years a number of 
antiglycoprotein Ib murine MoAbs have been described (AN 
$1, 6D1,® and AP 1”) that block the ristocetin-dependent 
binding of von Willebrand factor to human platelets. The 
inhibition of von Willebrand factor binding to platelets 
correlates well with the failure of MoAb-treated platelets to 
agglutinate with ristocetin”’ or to adhere normally to exposed 
vascular subendothelium at high shear flow.’* In this study 
we have described a new murine MoAb, SZ 2, directed 
against an epitope on the a-subunit of glycoprotein Ib (Fig 
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Fig 6. Effect of FMC 18 and SZ 2 on the collagen-induced 
aggregation of control and Bernard-Soulier syndrome platelets. 
Control (3 x 10° platelets/mL. final concentration) and Bernard- 
Soulier syndrome platelets (1.5 x 10° platelets/mL) were pre- 
incubated with 50 ug/ml of either FMC 18 IgG or SZ 2 IgG for 
three minutes prior to the addition of 1 ug/ml (contro!) or 0.5 
ug/ml (Bernard-Soulier) of equine tendon collagen. 
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2). Like the previously reported murine MoAbs, AN 51, 
6D1, and AP 1, SZ 2 and its (Fab’), fragments were potent 
inhibitors of both ristocetin-induced, human von Willebrand 
factor-dependent and bovine von Willebrand factor-depen- 
dent platelet agglutination (Fig 4) and inhibited the ristoce- 
tin-dependent binding of human von Willebrand factor to 
platelets by ~80%. SZ 2 had no effect on platelet aggregation 
induced by ADP, epinephrine, A23187, arachidonic acid, 
and by human or bovine a-thrombin. Unexpectedly, how- 
ever, SZ 2 and its (Fab’), fragments were potent inhibitors of 
platelet aggregation induced by collagen and by PAF (Fig 
4). SZ 2 appeared to interfere with an early event in 
collagen-platelet interaction. SZ 2 inhibited the platelet 
release reaction in response to collagen as measured by the 
extent of secretion of dense body serotonin or a-granule 
8-thromboglobulin (Table 1) and also inhibited the mobiliza- 
tion of arachidonic acid from platelet membrane phospholi- 
pid as measured by thromboxane B, formation (Table 2). 
With high concentrations of equine tendon collagen (2 to 10 
ug/mL), SZ 2 consistently prolonged the lag time between 
the addition of the collagen fibrils and the onset of platelet 
shape change. Although there is some evidence that collagen- 
induced platelet aggregation may be partially von Wille- 
brand factor-dependent at threshold concentrations of col- 
lagen,’ the inhibition of the binding of von Willebrand 
factor to platelets by SZ 2 is unlikely to represent the 
mechanism by which SZ 2 inhibits collagen-dependent plate- 
let aggregation. AN 51, which completely blocks the binding 
of von Willebrand factor to platelets, has no effect on 
collagen-induced platelet aggregation (this study). Similar- 
ly, 3F8, a MoAb against human von Willebrand factor, 
completely blocks ristocetin-induced, human von Willebrand 
factor-dependent platelet agglutination’® but has no effect on 
collagen-induced platelet aggregation at collagen concentra- 
tions at which SZ 2 completely inhibits platelet aggregation 
(Berndt and Gregory, unpublished observations). 

The inhibition of collagen-induced platelet aggregation by 
SZ 2 is surprising in the sense that Bernard-Soulier syn- 
drome platelets, which lack the glycoprotein Ib complex, 
aggregate normally in response to collagen (this study, Fig 
6). One possible explanation for this apparent discrepancy 
is that SZ 2 is directed against a binding site on more than 
one platelet membrane surface protein, ie, SZ 2 could be 
directed against an epitope present on a platelet collagen 
receptor as well as the platelet membrane glycoprotein Ib 
complex. The available evidence, however, is inconsistent, 
with this being the probable explanation for the observed 
results since detailed immunochemical analysis indicated 
that SZ 2 only recognized the glycoprotein Ib complex and 
since SZ 2 did not inhibit the collagen-induced aggregation 
of Bernard-Soulier syndrome platelets (Fig 6). An alternate 
possibility to explain the inhibition of collagen-induced 
aggregation by SZ 2 is that the glycoprotein Ib complex and 
the platelet collagen receptor are proximal in the platelet 
membrane, ie, the binding of SZ 2 or its (Fab'), fragments to 
the w-subunit of glycoprotein Ib sterically interferes with the 
normal interaction of collagen with an adjacent collagen 
receptor or membrane protein required for normal coliagen- 
dependent platelet activation. There are three lines of evi- 
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dence consistent with this possibility. First, consistent with 
the preliminary observations of Pidard et al, AP 1, directed 
against a distinct epitope on the glycoprotein Ib complex 
from that of SZ 2 (since AP | and SZ 2 only partially 
crossblock), also inhibited collagen-induced platelet aggre- 
gation. Second, SZ 2 only inhibited collagen-induced platelet 
aggregation when bound to glycoprotein Ib, since SZ 2 had 
no effect on the collagen-induced aggregation of Bernard- 
Soulier syndrome platelets. A third line of evidence derives 
from the recent data of Nieuwenhuis et al’? and of Fox?” 
Nieuwenhuis et al have described a patient whose platelets 
failed to react with collagen and lacked a specific membrane 
protein, glycoprotein la. Fox has recently shown that in 
unstimulated platelets at least one subunit of the glycopro- 
tein Ib complex spans the platelet membrane and is bound to 
a platelet membrane endoskeleton via actin-binding pro- 
tein.”'’* Glycoprotein la also apparently spans the platelet 
membrane and, like glycoprotein Ib, is also bound to the 
platelet endoskeleton via actin-binding protein.’ These 
results suggest that glycoprotein Ia and the glycoprotein Ib 
complex may be normally associated in the human platelet 
membrane because of their mutual interaction with actin- 
binding protein and provide an explanation for the inhibition 
by SZ 2 of both ristocetin-induced, human von Willebrand 
factor-dependent platelet agglutination and collagen- 
induced platelet aggregation. Similar arguments apply for 
the inhibition of PAF-induced platelet aggregation by SZ 2. 
SZ 2 was found to be a potent inhibitor of both the 
PAF-induced platelet release reaction (Table 1) and PAF- 
induced platelet aggregation (Fig 4). However, Bernard- 
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Soulier syndrome platelets aggregated normally in response 
to plate et activating factor, and this aggregation was unaf- 
fected by SZ 2. This suggests that, similar to the glycoprotein 
Ib complex and the platelet collagen receptor, the glycopro- 
tein Ib complex and the platelet PAF receptor (or a mem- 
brane protein required for normal PAF-dependent platelet 
activation) may also be proximal in the plane of the platelet 
membrane. 

The combined evidence suggests that the antiglycoprotein 
Ib complex MoAb, SZ 2, inhibits platelet aggregation 
induced by both ristocetin and collagen because the platelet 
glycoprctein Ib complex and the platelet collagen receptor 
may be sterically adjacent in the human platelet plasma 
membrane. Houdijk et al have recently demonstrated that 
the adhesion of platelets to collagen substrata at high shear 
flow is von Willebrand factor-dependent.” It is interesting to 
speculate that the possible steric relationship between the 
platelet von Willebrand receptor and the platelet collagen 
receptor suggested by the current study may be relevant to 
these observations. Future studies should help resolve this 
question and help delineate the precise molecular role of 
glycoprotein la in collagen-induced platelet aggregation. 
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Human Erythroleukemia Cells Adhere to Fibronectin: Evidence for a 
M, 190,000-Receptor Protein 


By Ismo Virtanen, Jari Ylanne, anc Tapio Vartio 


Human erythroleukemia cells (K562) adhered rapidly on 
fibronectin (Fn)-coated growth substratum under serum- 
free conditions. The adhesion could be quantitatively inhib- 
ited by the synthetic peptide Arg-Gly-Asp-Ser (RGDS) and 
upon hemin-induced differentiation or trypsinization of the 
cells. Many of the cells also displayed rapid spreading that 
led to a redistribution of F-actin into spreading edges and in 
many cells also to a formation of typical actin fibers 
attaching to the ventral aspect of the cells. The spreading 
of the cells was inhibited by cytochalasin B but not by 
microtubule-disrupting drugs, suggesting an active role for 
the microfilament system in the spreading process. Direct 
overlay assay of electrophoretically separated polypep- 


Mi... INTEREST has been devoted to the mecha- 
nisms of fibronectin(Fn)-mediated adhesion of cells 
to culture substratum.’ Results from several laboratories 
indicate that this process takes place via receptor-like pro- 
teins present in the surface membrane of diverse cells, 
including fibroblasts,“ macrophages,’ and platelets.” In 
fibroblasts the receptor appears to be an M, 140,000 poly- 
peptide,” whereas a distinct M, 100,000 has been character- 
ized in macrophages’ and an M, 110,000 in platelets.” 

Murine erythroleukemia (MEL) cells’''’ and reticulo- 
cytes’? also appear to exhibit an adhesion capacity to Fn- 
coated substrata and to cells that have Fn-matrix. This 
capacity appears to be lost upon dimethyl sulfoxide 
(DMSO)-induced differentiation of the MEL cells” as well 
as upon further maturation of the red blood cells.’* Recently 
Patel and Lodish'' suggested that an M, 140,000 protein 
would be responsible for the Fn-binding of MEL cells and 
would thus be a candidate for “erythroid Fn-receptor.” 
These results suggested to Patel and Lodish'®"' and Patel et 
al? that Fn-mediated adhesion might play a role in the 
maturation of precursors of red blood cells. The results of the 
present study show that human K562 erythroleukemia cells 
both adhere and spread on exogenous Fn and express a 
distinct M, 190,000 Fn-binding protein that may mediate 
this process. 
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tides with '*"1-Fn showed that in K562 cells there is a major 
M, 190,C00 Fn-binding protein that is lost upon differentia- 
tion. A similar overlay assay with purified plasma and 
cellular Fns followed by immunostaining with anti-Fn anti- 
bodies revealed a reaction with a similar polypeptide. The 
binding of Fns on the nitrocellulose sheets could be inhib- 
ited and the bound Fn eluted by using the RGDS peptide. 
From octyiglucoside extracts of radioactively surface- 
labeled celis, distinct M, 190,006/185,000 membrane gly- 
coproteins bound to Fn-heptapeptide-Sepharose, further 
suggesting that the M, 190,000 polypeptide would be the 
Fn-recertor of the K562 celis. 

@ 1987 by Grune & Stratton. inc. 


MATERIALS AND METHODS 


Cell lines and adhesion experiments. Human ervthroleukemia 
K 562)? cells were cultured in RPMI 1640 medium supplemented 
with 10% ‘etal calf serum (Flow Laboratories, Irvine. Scotland) and 
antibiotics. 

Fibronectin (pFn) was purified from human plasma as described 
by Engvall and Ruoslahti’ Multiwell dishes and Petri dishes 
(Nunc, Copenhagen, Denmark) were coated by pFn (20 ug mL” ') 
for two hours. Then the dishes were washed with NaCl-P buffer (140 
umol/L) NaCl, 10 mol/L sodium phosphate, pH 7.4). Laminin 
from EHS sarcoma, used to coat culture dishes as above, was from 
Bethesda Research Laboratories (Gaithersburg, MD). Similar 
amounts of cells were plated in all experiments in serum-free RPMI 
medium. In some experiments the cells were induced to differentiate 
by exposing them to hemin (20 wmol/L: Sigma, St Louis). The 
induced state was monitored by using both the benzidine staining for 
hemoglobm and monoclonal antibodies (MoAbs)} binding to ery- 
throid aœ- and 8-spectrins (HES3DA7, Virtanen et al, in preparation) 
in immuneblotting (see below). Poly-l-lysine (20 ug mL '; Sigma) 
was used to adhere K562 cells nonspecifically in some experiments 
by preincubation of the coverslips one hour before plating of the 
ceils. In seme experiments the cells were exposed to trypsin (0.25%: 
Sigma) for 15 minutes before plating, to cytochalasin B (1 ug mL”); 
Sigma) or to demecolcine (1 ug mL ': Sigma) for one to 24 hours. 
The synthetic peptide Arg-Gly-Asp-Ser (RGDS, Peninsula Labora- 
tories, Belmont, CA) was used for ceil adhesion experiments at a 
concentration of 0.1 to 0.5 mg mL”! in serum-free RPMI medium. 

SDS-PAGE and immunoblotting. Polyacrylamide gel electro- 
phoresis ir the presence of sodium dodecy! sulphate (SDS-PAGE) 
was performed under reducing conditions according to Laemmli’? 
using 6.58% slab gels. Polypeptides were transferred onto nitrocellu- 
lose sheets according to Towbin et al.” After the transfer the sheets 
were incubated overnight in a 2% bovine serum albumin-NaCl-P 
buffer and processed for overlay experiments (see below) or immu- 
nostaining For immunostaining of the nitrocellulose sheets the 
following antibodies were used: monoclonal spectrin (HES3DA7) 
and Fn (against the cell-binding site; N295, Mallinkrodt, St. Louis) 
as well as polyclonal Fn antibodies. The sheets were exposed to the 
antibodies for 60 minutes, washed, and were then reacted with 
peroxidase-coupled rabbit antimouse or sheep antirabbit IgG ant- 
sera (Dakcpatts, Glostrup, Denmark), respectively. After washing, 
the peroxidase reaction was developec as described by Towbin et 
al? The molecular weights were estimated by using the low molecu- 
lar weight calibration kit (Pharmacia, Uppsala, Sweden) and in 
some experiments by using reduced pFn (M, 220 000) and myosin 
(M, 200 0C0) from bovine Purkinje fibers as additional standards. 
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Fn overlay and radioactive surface labeling experiments. For 
overlay experiments, fibronectin from human fibroblasts (cFn, 
Bethesda Research Laboratories, Gaithersburg, MD) was iodinated 
('*1) by using the technique of Bolton and Hunter” as modified.” 
The reagent was from Radiochemical Centre, Amersham, LK. The 
overlay assay of nitrocellulose sheets was performed as described 
earlier for ‘*I-cFn® and '**I-calmodulin.™ 

Alternatively, the nitrocellulose sheets were first exposed to 
purified pFn or cFn (20 ug mL~') for 60 minutes, washed, and were 
then exposed to monoclonal or polyclonal antibodies to Fn. After 
washing, the bound antibodies were detected by peroxidase immu- 
nostaining as above. In a set of experiments the RGDS synthetic 
peptide was applied on the sheets together with Fns at a concentra- 
tion of 0.5 mg mL to inhibit the binding of the proteins. The 
peptide was used also at the same concentration to elute bound Fns 
from the nitrocellulose sheets. For this purpose the peptide was 
applied on the sheet for 30 minutes. 

For radioactive surface labeling, the neuraminidase-galactose 
oxidase-sodium borohydride technique was used.” After electropho- 
resis the gels were processed for fluorography.” 

Affinity-binding of cell surface glycoproteins to Fn-synthetic 
peptide-Sepharose. The synthetic heptapeptide, Gly-Arg-Gly- 
Asp-Ser-Pro-Cys (GRGDSPC), which corresponds to the cell- 
adhesion promoting region of Fn and which can autoinhibit Fn- 
function.” was purchased from Peninsula Laboratories. A portion 
(0.25 mg) of the peptide was coupled to 1.0 mL of wet, activated 
thiol-Sepharose (Pharmacia, Uppsala, Sweden) according to the 
manufacturer's instructions. For affinity binding experiments, sur- 
face-labeled K562 cells were extracted in 200 mmol/L octylgluco- 
side (Sigma) in NaCl-P buffer, supplemented with 3 mmol/L 
phenylmethyl sulfonylfluoride at 0°C for 30 minutes. Insoluble 
material was removed by centrifugation at 1400 x g for 15 minutes. 
Aliquots of the extract were then applied on peptide-thiol-Sepharose 
for two hours in the presence or absence of the synthetic tetrapeptide 
RGDS (0.5 mg mL~'). Thereafter the Sepharose-beads were 
washed with the octylglucoside-buffer and the bound proteins were 
eluted with the electrophoresis sample buffer for analysis in SDS- 
PAGE. 

Fluorescence microscopy. For fluorescence microscopy the cells 
on culture dishes or glass coverslips were fixed in 3.5% paraformal- 
dehyde for five minutes. Then they were permeabilized in 0.01% 
NP40 and exposed to NBD-phallacidin (Molecular Probes, Junction 
City, OR), a fluorescent probe for F-actin. ® In some experiments the 
cells were fixed in methanol, cooled to — 20 °C, and were then first 
exposed to mouse vinculin antiserum, raised against vinculin purified 
from chicken gizzards as described.” Then the specimens were 
exposed to fluorescein isothiocyanate-coupled rabbit antimouse IgG 
antiserum (Cappel Laboratories, Cochranville, PA). A Zeiss Uni- 
versal microscope, equipped with epiilluminator IIRS, was used to 
examine the specimens. 


RESULTS 


When exponentially growing K562 cells were plated in 
serum-free medium on tissue culture wells, precoated with 
pFn, over 95% of the cells attached firmly within ten minutes 
(Fig 1A) and could not be detached even by vigorous 
shaking. Within one to two hours, over 30% of the adhered 
K562 cells displayed distinct flattening and spreading (Fig 
1B). Pre-exposure of the cells to trypsin or plating in the 
presence of the synthetic peptide RGDS, the minimum 
cell-binding sequence of Fn,™® inhibited quantitatively the 
attachment of the cells on pFn-coated dishes. Furthermore, 
exposure of the cells to cytochalasin B completely prevented 
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Fig 1. Phase-contrast microscopy on adhesion and spreading 
of the K562 cells on Fn-coated growth substratum. Within ten 
minutes after plating, most of the cells were adhered (A), and over 
30% of them showed distinct spreading within one to two hours 
(B). Original magnification x200. 


the spreading but not the adhesion of the cells, whereas 
exposure to demecolcine did not have any apparent effect on 
these processes. In control experiments, only occasional cells 
bound to plain plastic substratum or on laminin-coated 
dishes, and all the cells could be brought into suspension by 
gentle agitation. Results from adhesion experiments on K562 
cells under different culture conditions are summarized in 
Table 1. 

In rounded K562 cells, labeling with NBD-phallacidin 
revealed an even rim-like surface staining (Fig 2A). In cells 
spreading on pFn, NBD-phallacidin gave a reaction with 
microspike- and lamellae-like structures at the spreading 
edges of the cells (Fig 2B). In the spread cells, distinct 
NBD-phallacidin-positive cytoplasmic fibrils were seen (Fig 
2C), and antibodies to vinculin revealed related ventral 
membrane-associated plaques in the adhering cells (Fig 
2D). 

When K562 cells were induced to differentiate with 
hemin,” they lost the ability to attach on pFn-coated substra- 
tum and remained floating in the medium. In immunoblot- 
ting of the electrophoretically separated polypeptides, the 
induced but not the control K562 cells showed a distinct 
doublet of spectrin polypeptides, as revealed with the MoAb 
HES53DA7 (Fig 3, lanes 5, 6). 

We then studied putative receptor proteins for Fn in K562 
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Table 1. Adhesion and Spreading of K562 Celis on 
Different Substrata 
Growth Substratum Cells Adhered Cells Spread 
and Culture Condition (10 min) (2 h) 
20 ug mL 'pFn 95% 30%-35% 
20 ug mL laminin <5%° 0 
plastics <5%° 0 
pFn + trypsinized cells <5%* o 
pFn + RGDS <5%* 0 
pFn + hemin-induced cells <5%* 0 
pFn + cytochalasin B 95% o 
pFn + demecolcine 95% 30%-35% 














Culture dishes were coated with the reagents indicated and the cells 
treated as described in the ‘Materials and Methods” section. The 
number of adhered or spread cells were calculated by visual inspection. 

*Adhered cells could be brought into suspension by a gentle agita- 


non 


cells by using direct overlay assays in which the polypeptides 
of the cells were first separated in SDS-PAGE and then 
transferred onto nitrocellulose sheets. Then the sheets were 
either exposed to '**I-cFn and the bound protein was detected 
by autoradiography or the lanes were exposed to pFn or cFn 
and the bound proteins were detected by immunostaining. 
Using '**l-cFn, a distinct ca M, 190,000 polypeptide could be 
revealed in K562 cells (Fig 3, lane 2), whereas no binding 
proteins were detected in hemin-differentiated K562 cells 
(Fig 3, lane 4), which expressed erythroid a- and 8-spectrins, 
as revealed by immunoblotting with a MoAb (Fig 3, lane 6). 
When unlabeled pFn or cFn were applied on the nitrocellu- 
lose sheets and their binding was detected, a prominent M, 
190,000 polypeptide could again be revealed in K562 cells 
with both monoclonal (Fig 4, lane 2, pFn; lane 3, cFn) and 
polyclonal Fn antibodies (Fig 4, lane 4, pFn). When the 
RGDS synthetic peptide was included in the overlay experi- 





Fig 2. Localization of F-actin in control K562 cells adhered on 
poly-l-lysine-coated substratum (A), spreading cells 30 minutes 
after plating on pFn-coated dishes (B), and spread cells two hours 
after plating (C). Note the even cell surface-associated staining in 
{A), more bright staining of the spreading edges in (B), and the 
reaction with stress fibre-type of filaments in (C). In the spread 
cells, antibodies to vinculin visualize typical ventral plaques (D). 
Original magnification x 600. 
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Fig3. SDS-PAGE separated polypeptides of control K562 cells 
(lanes 1,2 5) and hemin-induced K562 cells (lanes 3,4,6) trans- 
ferred onto nitrocellulose sheets and stained for protein,” 
exposed to '*i-cFn (lanes 2,4) or immunostained for aœ- and 
8-spectrins (lanes 5,6). Note the distinct Fn-binding polypeptide in 
lane 2, lack of the reaction in lane 4, and two polypeptides at M, 
240,000 and 220,000 in lane 6. Molecular weights of the control 
proteins are indicated on the left. 





Fig4. SDS-PAGE separated polypeptides of K562 cells trans- 
ferred ontc nitrocellulose sheets and exposed to unlabeled Fns 
(lanes 2 to 6) or immunostained for Fn (lanes 7,8). Lane 1 shows 
the corressonding amido black staining for proteins. When 
exposed to either pFn (lane 2) or cFn (lane 3), immunostaining with 
monoclonal Fn antibodies revealed a reaction with a distinct M, 
190,000 polypeptide, and immunostaining with polyclonal Fn anti- 
bodies revealed a similar polypeptide (lane 4, pFn). No reaction 
was obtained when the RGDS peptide was incubated together 
with Fns (lane 5, pFn) or was applied on sheets pre-exposed to Fns 
(lane 6, pFn). Control immunostaining experiments revealed that 
neither the monoclonal (lane 7) nor the polyclonal (lane 8) Fn 
antibodies reacted with any polypeptides of K562 cells. Molecular 
weights of -he control proteins are indicated on the left. 
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Fig 5. Autoradiogram of 
SDS-PAGE-separated polypep- 
tides of the surface-labeled 
control (lane 1) and trypsinized 
K562 cells (lane 2). Note the M, 
190,000/185,000, 120,000, 
80,000/70,000, and 50,000 
polypeptides of which only the 
M, 190,000 polypeptide ap- 
peared to be sensitive to tryp- 
sin. Molecular weights of the 
control proteins are indicated 
on the left. 
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ments, the binding of Fns to K562 cell polypeptides was 
totally inhibited (Fig 4, lane 5, pFn), and when the peptide 
was used to elute the bound Fns, a significant reduction in 
the binding was observed (Fig 4, lane 6, pFn). Control 
experiments with both the monoclonal (Fig 4, lane 7) and 
polyclonal (Fig 4, lane 8) Fn antibodies did not reveal any 
reaction with the K562 cells. 

Surface labeling experiments with the neuraminidase- 
galactose oxidase-sodium borohydride method revealed that 
there are a few major surface-exposed glycoproteins in K562 
cells, with M, 190,000, 185,000, 120,000, 80,000 to 70,000, 
and 50,000 (Fig 5, lane 1). Trypsinization of the cells 
selectively abolished the M, 190,000 polypeptide (Fig 5, lane 
2). Octylglucoside extraction appeared to remove, appar- 
ently quantitatively, all the high M, polypeptides from 
surface-labeled K562 cells (Fig 6, lanes 1 to 3). Affinity 
binding experiments revealed that from the octylglucoside 
extracts, the M, 190,000/185,000 polypeptides specifically 
bound to the GRGDSPC-thiol-Sepharose (Fig 6, lane 4), 
and their binding could be inhibited when the RGDS peptide 
was included in the reaction mixture (Fig 6, lane 5). 








DISCUSSION 


In a series of studies®”™? Lodish and his coworkers have 
suggested that murine erythroid cell precursors and erythro- 
leukemia (MEL) cells specifically adhere to Fn and that this 
process would also play a role in normal erythropoiesis. 

In this study K562 human erythroleukemia cells, which 
have many characteristics of early erythroid precursor 
cells, ™'" also displayed a specific adhesion capacity to Fn 


581 





ee 


Fig 6. Autoradiogram of SDS-PAGE-separated polypeptides 
of surface-labeled K562 cells (lane 1), octyiglucoside extract of the 
surface-labeled cells (lane 3), and surface polypeptides remaining 
in the detergent extracted cells (lane 2). Note that all the high M, 
polypeptides appeared to be solubilized in octylglucoside (compare 
lane 3 to lanes 1 and 2). The 190,000/ 185,000 doublet of polypep- 
tides bound specifically to the GRGDSPC-thiol-Sepharose (lane 4), 
and the binding could be inhibited by including the RGDS synthetic 
peptide in the reaction mixture (lane 5). Molecular weights of the 
control proteins are indicated on the left. 


but not to, eg, laminin. The adhesion process could also be 
quantitatively inhibited by the tetrapeptide RGDS, like that 
of many other cells.** However, unlike in fibroblastoid 
cells,? the Fn-binding property of the K562 cells appeared to 
be trypsin-sensitive. Furthermore, in direct overlay assays a 
distinct M, 190,000 binding protein could be revealed in 
these cells and such a polypeptide selectively bound also to 
GRGDSPC-Sepharose from octylglucoside extracts of sur- 
face-labeled K562 cells. 

These results appear to differ from those recently reported 
on MEL cells,'' which express a major M, 140,000 Fn- 
binding protein. This may reflect differences between human 
and murine erythroleukemia cells, which is evident also Ha 
their response to various differentation-inducing agents.” 
Furthermore, multiple interactions between external Fn and 
cell membrane elements have been recently proposed also in 
fibroblasts.” Affinity binding experiments with the same 
Sepharose-coupled synthetic heptapeptide as used in our 
experiments suggested to Pierschbacher and Ruoslahti™ that 
the peptide has too low an affinity for the Fn-receptor of 
fibroblasts and cannot be therefore used in its isolation. Our 
experiments on fibroblasts showed the same (unpublished), 
and thus further suggest that both the Fn-binding proteins as 
well as their affinities for Fns may differ in different cells, 
although they appear to recognize the same RGD-sequence 
in Fns.” Interestingly, our affinity binding experiments 
revealed a doublet of M, 190,000 and M, 185,000 polypep- 
tides, whereas the overlay assays with '™l-Fn and with 
unlabeled Fns only showed a single M, 190,000 Fn-binding 
polypeptide. As only the M, 190,000 polypeptide appeared to 
be trypsin-sensitive, it may be that in K562 cells the Fn- 
receptor is a complex of two polypeptides of which only M, 
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190,000 polypeptide is capable of recognition of intact Fn. 
However, when comparing the apparent relative mobilities of 
putative Fn-receptor proteins from various sources, the 
recent results of Tamkun et al” bear importance: they found 
that cDNA for the M, 140,000 fibroblast Fn-receptor codes 
for an M, 89,000 polypeptide. Therefore, even major varia- 
tions in molecular weights may be explained by differences 
in, eg, glycosylation. For the M, 190,000 Fn-binding poly- 
peptide of the K562 cells, this remains to be elucidated. 

The present results also indicate that human erythroleu- 
kemia cells are heterogenous in their response to external Fn, 
which may be related to different states of differentiation of 
the cells.” Thus, while a portion of the K562 cells displayed a 
spreading capacity to Fn, many of the cells failed to do that. 

Many earlier studies have suggested that in fibroblastoid 
cells there would be some kind of association of the pericellu- 
lar Fn and the cytoplasmic actomyosin system.” In fibroblas- 
toid cells, Fn appears to specifically induce fibrillar actin 
organization in some culture conditions.“*°” In the K562 
cells the spreading process appeared to involve also an 
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emergence of the actin-microfilaments, which led even to the 
formation of stress fibers and vinculin-containing adhesion 
plaques in some of the cells. This suggests that in K562 cells, 
there are all the actin-associated proteins involved in the 
formation of stress fibers.“ 

The present results show that K562 erythroleukemia cells 
display an ability to adhere and spread on Fn and that the 
process is apparently mediated by a distinct receptor-protein 
and leads to a reorganization of the actomyosin system. The 
receptor protein appears to be lost in more differentiated 
cells, suggesting a transient nature for the adhesion process. 
Further studies are, however, needed to elucidate whether 
such a receptor-mediated adhesion of human erythroid cells 
on Fn would participate also in vivo in the regulation of 
normal or pathologic erythropoiesis. 
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Monoclonal Antibody 1F5 (Anti-CD20) Serotherapy of Human B Cell Lymphomas 


By Oliver W. Press, Frederick Appelbaum, Jeffrey A. Ledbetter, Paul J. Martin, Joyce Zarling, 
Pamela Kidd, and E. Donnall “homas 


Four patients with refractory malignant B cell lymphomas 
were treated with continuous intravenous (IV) infusions of 
murine monoclonal antibody (MoAb) 1F5 (anti-CD20) over 
five to ten days. Dose-dependent levels of free serum 1F5 
were detected in all patients. Two patients had circulating 
tumor cells and in both cases 90% of malignant cells were 
eliminated from the blood stream within four hours of 
initiation of serotherapy. Antigenic modulation did not 
occur, and sustained reduction of circulating tumor cells 
was observed throughout the duration of the infusions. 
Serial bone marrow aspirations and lymph node biopsies 
were examined by immunoperoxidase and immunofluores- 
cence techniques to ascertain MoAb penetration into 
extravascular sites. High doses (100 to 800 mg/m’*/d and 
high serum 1F5 levels (13 to 190 ug/mL) were required to 


ONOCLONAL ANTIBODY (MoAb) serotherapy 
of malignancy represents a theoretically attractive, 
potentially nontoxic approach for the treatment of neoplastic 
disease. ? Preliminary animal experimentation has demon- 
strated both the effectiveness and limitations of MoAbs that 
recognize tumor-associated antigens in preventing growth of 
murine hematologic malignancies.*? Early human trials have 
shown that infusion of antibodies recognizing lymphoid cell 
differentiation antigens is a well-tolerated therapy capable of 
coating tumor cells and causing tumor regression in some 
patients." However, the antitumor effectiveness of MoAbs 
has been limited by the presence of circulating free antigen, 
antigenic modulation, development of human antimouse 
antibodies (HAMA), emergence of antigen-negative tumor 
cell variants, and the inadequacy of host effector cell mecha- 
nisms"! 

Here we present findings in four patients with B cell 
lymphomas treated with a murine IgG2a MoAb (1F5) 
chosen to avoid many of the previously encountered obsta- 
cles. MoAb 1F5 recognizes a 35,000 dalton antigen (Bp35, 
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coat tumor cells in these compartments in contrast to the 
iow doses that were adequate fcr depletion of circulating 
celis. Clinical response appeared to correlate with dose of 
MoAb administered with progressive disease (52 mg), 
stable disease (104 mg), minor response (1.032 mg), and 
partial response (2,380 mg) observed in consecutive 
patients. The patient treated with the highest 1F5 dose 
achieved a 90% reduction in evaluable lymph node disease, 
but the duration of this remission was brief (six weeks). 
This study demonstrates that high doses of 1F5 can be 
administered to patients with negligible toxicity by contin- 
uous infusion and that clinicel responses can be obtained in 
patients given >1 g of unmodified antibody over a ten-day 
period. 

è 1987 by Grune & Stratton, Inc. 


CD20) present on the surface of normal and malignant B 
cells’? thet is not shed from the cell surface (unpublished 
observations), does not modulate in response to MoAb 
binding, and does not bind to any other normal tissues. 
Consequently, prolonged continuous MoAb | FS therapy can 
be administered without inducing the unresponsiveness to 
therapy tnat has necessitated intermittent bolus therapy in 
previous trials.“'’ We have administered 1F5 by continuous 
intravenous (IV) infusion (52 to 2,380 mg over five to ten 
days) to dztermine toxicity, kinetics, penetration to extravas- 
cular tissues, and efficacy. Our studies have shown | F5 to be 
a minimally toxic therapy capable of depleting circulating 
tumor cels at low doses and lymph node tumor cells at high 
doses. Hewever, responses were transient, suggesting that 
antibodies conjugated to toxins or radioisotopes might afford 
more lasting clinical benefit than unmodified antibody. 


MATERIALS AND METHODS 


Antibody preparation. Murine MeAb IF5 (igG2a) was pro- 
duced in BALB/c mice and purified as previously described.” 
Antibody 1F5, along with the BI antibody,'* has been assigned to the 
CD20 (ant#Bp35) cluster group by the Second International Work- 
shop on Human Leukocyte Differentiation Antigens. * The reactiv- 
ity of antibody I F5 with normal aad malignant B cells has previously 
been reported. SY MoAb LFS was purified from ascites by satu- 
rated ammonium sulfate precipitation followed by diethyl amino- 
ethyl (DEAE)-Sephacyl (Pharmacia, Piscataway, NJ) column chro- 
matographw.'® Testing of the purified antibody by Microbiological 
Associates ¢Bethesda, MD} has shown it to be free of bacterial, viral, 
or endotoxin contamination. Preclinical testing in two macaques (M. 
fascicularis) injected with 1F5 IV showed that this antibody was 
capable of eliminating circulating B cells and penetrating lymph 
nodes withcut causing any acute toxicity (J. Ledbetter, unpublished 
observations, 1983). A battery of normal human autopsy tissues was 
screened fo- reactivity with antibody IFS by an indirect immuno- 
peroxidase method. No reactivity was seen with any tissue except 
those known to be rich in B lymphocytes (tonsils, lymph nodes, 
spleen). Tissues failing to bind 1F5 included heart, thyroid, adrenal, 
jung, muscl2, kidney, testis, skin, colon, breast, and brain. 

Patient selection. Adult patients with histologically confirmed 
B cell lymphomas shown by immunoperoxidase or immunofluores- 
cence techniques to be reactive with the [FS antibody were eligible 
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for this study if they had failed previous conventional therapy 
(chemotherapy and/or radiotherapy), if they had normal renal and 
hepatic function (creatinine <2.0 mg/dL, bilirubin <1.5 mg/dL), 
had evaluable disease, had not received any other treatment for 
four weeks, had no other active medical problems, and signed an 
informed consent approved by the Institutional Review Board of the 
Fred Hutchinson Cancer Research Center. 

Study design. Prestudy blood, marrow, and lymph node speci- 
mens were obtained and analyzed by conventional histopathology 
and by an indirect immunoperoxidase method (Vectastain, Vector 
Laboratories, Raritan, NJ) for evidence of tissue involvement with 
tumor cells capable of binding | F5. Cell suspensions of these tissues 
were analyzed by two-color flow cytometry using a panel of fluores- 
cein and phycoerythrin antibody conjugates’’ to determine the 
baseline immunologic phenotypes of the resident cell populations 
(see below). Intradermal skin testing with 10 ug of antibody 1FS in 
0.1 mL of normal saline was performed, and no hypersensitivity 
responses were observed. Allopurinol (300 mg/d) was given 
throughout antibody administration. A bolus loading dose was given 
over one to two hours IV to rapidly achieve steady state serum 
antibody levels. The loading dose was calculated from the following 
equation: Loading dose = 1.4 x elimination half-time (in days) x 
daily maintenance dose.'* Preclinical studies of murine anti-CD20 
antibody infusions in nonhuman primates (Ledbetter, unpublished 
data) and clinical trials of murine MoAbs administered to patients 
with graft-v-host disease (GVHD)” suggested an elimination half- 
time of 1.2 days, and this figure was used in calculating the loading 
doses. Patients were assigned a predetermined maintenance anti- 
body dose that was diluted in 500 mL normal saline end adminis- 
tered by continuous IV infusion for five to ten days. (Patient | had 
premature discontinuation of his infusion after five days due to 
rapidly progressive lymphoma.) The maintenance antibody doses 
administered to the patients are summarized in Table 1. The dose 
escalation range was chosen to progress from safe low doses (5 
mg/m?/d) known to be well tolerated for other MoAbs*’*" to 
high doses (400 to 800 mg/m’/d), which we felt were more likely to 
result in good tissue penetration. We initially planned to escalate 
doses between patients. However, because of the absence of toxicity, 
poor penetration of low doses of antibody into patients 1 and 2, and 
slow patient accrual, doses were escalated progressively in patients 3 
and 4 (from 10 mg/m?*/d to 800 mg/m’/d) to achieve high circulat- 
ing antibody levels that we felt would be more likely to achieve 
extravascular tissue penetration. 


Table 1. Summary of Patient Characteristics 








Patient $ 2 3 4 
Age/Sex 42/M 64/M 63/M 45/M 
Type of 

Lymphoma DML WOLL DPDL DHL 
Stage IVB IVA IVA IVB 
Total Dose 

ofIF5 52.4 mg 104.8 mg 1,032 mg 2,380 mg 
Duration of 

Therapy 4.5 days 10 days 10 days 7 days 
Response Progression Stable Minor Partial 

Disease Response Response 








Abbreviations: DML, diffuse mixed small and large cell lymphoma: 
WODLL, diffuse well-differentiated lymphocytic lymphoma (smail lympho- 
cytic, working formulation); DPDL, diffuse, poorly differentiated lympho- 
cytic lymphoma (diffuse small cleaved cell, working formulation); DHL, 
diffuse ‘‘histiocytic’” lymphoma (diffuse large cell lymphoma, working 
formulation). 
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Patient monitoring. Pretreatment tests included a history and 
physical examination, relevant radiographic studies and computed 
tomographic scans, chemistry batteries, uric acid levels, complete 
blood cell counts (CBCs) and differentials, prothrombin time, 
partial thromboplastin time, serum complement levels (CHSO0, C4, 
C3), immune complex levels (C1Q binding assay), urinalysis, ECG, 
and cell surface marker analysis. Patients were examined twice daily 
during antibody infusion. Serial serum specimens for 1 F5 levels and 
antimouse antibody levels, blood counts, chemistries, and blood 
specimens for surface marker studies were obtained four hours after 
initiation of 1F5 therapy and daily thereafter. Patients were 
discharged at the termination of antibody infusions. Blood samples 
were obtained on an outpatient basis for the above tests on days 1, 2, 
7, and 21 after cessation of therapy and monthly thereafter. Serum 
complement and immunoglobulin levels were tested pretreatment 
and on days 1, 5, and 10 and then at roughly monthly intervals for six 
months. 

Response criteria. Standard response criteria were employed as 
follows: Complete response-disappearance of all measurable and 
evaluable disease: Partial response; reduction by 250% of leukemic 
cell counts and =50% reduction in the size of a measurable lesion, 
and no increase in the size of any measurable or evaluable lesions or 
appearance of new lesions; Stable disease: Less than a partial 
response without an increase of >25% in leukemic cell count and 
<25% increase in any measurable lesion. Progression: Increase in 
leukemic cell count (>25%). appearance of new lesions, or an 
increase of 25% or greater in any measurable lesion. 

Measurement of free 1F5 and human antimouse antibody. Se- 
rum 1 F5 levels and human antimouse antibody levels (HAMA) were 
measured by solid phase competitive inhibition radioimmunoassay 
(RIA) as previously described.” 

Detection of cell-bound 1F5. Assessment of tumor cell coating 
by infused antibody 1F5 was accomplished on serial specimens of 
peripheral blood, bone marrow, and lymph nodes by indirect immu- 
noperoxidase and immunofluorescence techniques. Peripheral bload 
and bone marrow mononuclear cells were obtained by Ficoll- 
Hypaque (LSM, Litton Bionetics, Kensington, MD) density gra- 
dient centrifugation. Lymph node biopsies were divided in thirds: 
one portion was minced into a single cell suspension, another part 
was fixed in formalin for routine histologic staining, and another 
portion was frozen in liquid nitrogen for immunohistologic staining. 
Lymph node frozen sections were fixed to gelatin-coated glass slides 
and stained with rabbit antimouse immunoglobulin (Vectastain, 
Vector Laboratories, Raritan, NJ} using an indirect avidin-biotin 
technique. Pretreatment biopsies served as controls. 

Cell suspensions of blood, bone marrow, and lymph nodes from 
antibody-treated patients were examined by flow cytometry (FACS 
IV. Becton Dickinson, Sunnyvale, CA) for the presence of surface 
1F5 by using fluorescein-conjugated goat antimouse immunoglobu- 
lin (FITC-GAMIg; TAGO, Burlingame, CA). The mean fluores- 
cence intensity of cells stained with FITC-GAMIg was compared to 
the intensity of cells incubated with excess 1F5 in vitro before 
staining to assess the saturation of binding sites in vivo. Relative 
CD20 surface antigen density was estimated for normal and malig- 
nant B cells by measuring the mean fluorescence intensity of cells 
stained in vitro with saturating quantities of fluorescein-conjugated 
anti-CD20 antibody after correcting for nonspecific fluorescence 
with a control reagent." 

Tumor cell surface antigen phenotypes were determined by both 
immunofluorescence and immunoperoxidase methods using peroxi- 
dase, Auorescein, or phycoerythrin conjugates of MoAbs 10.2 {anti 
CD5), HB1i0a (anti-DR), Gl-4 or 3E10 (antikappa), and 2C3 
(anti-s) as previously described.'*"’ Serial monitoring of these tumor 
cell markers demonstrated that CD20-negative tumor cells were not 
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generated during 1F5 therapy by antigenic modulation (data not 
shown). 


CASE HISTORIES 


Patient | was a 42-year-old man with stage [VB diffuse, mixed, 
small and large cell lymphoma who presented in 1982 with fever, 
diffuse lymphadenopathy, and hepatosplenomegaly. Previous ther- 
apy included CHOP (cyclophosphamide, adriamycin, vincristine, 
and prednisone) chemotherapy, intrathecal methotrexate, whole 
brain irradiation, splenectomy, sequential upper and lower hemi- 
body irradiation, and four cycles of bleomycin, cytosine arabinoside, 
vincristine, procarbazine, and prednisone. He was referred for 1F5 
therapy in July, 1984 because of refractory disease. He did not 
respond to low-dose 1F5 and was taken off study after five days of 
infusion because of progressive bone marrow (BM) and liver 
replacement with tumor. Salvage CHOP chemotherapy was given, 
but the patient died of progressive lymphoma on March 16, 1985. 

Patient 2 is a 64-year-old man with stage IVA diffuse, small, 
lymphocytic lymphoma diagnosed by lymph node (LN) and BM 
biopsy in 1976. He received multiple chemotherapeutic regimens 
(CVP, CHOP, chlorambucil, and CCNU, etoposide, and methotrex- 
ate) with partial responses. He was referred for 1F5 serotherapy in 
December 1984, 11 months after his last course of chemotherapy. 
He did not respond to low dose 1FS but had stable disease that did 
not require therapy until the summer of 1985 when he was begun on 
bleomycin, etoposide, BCNU, and Decadron, to which he remains 
partially responsive. 

Patient 3 was a 63-year-old man with stage IVA diffuse, small, 
cleaved-cell lymphoma involving lymph nodes, marrow, and spleen. 
Previous therapy included splenectomy, chlorambucil, and CVP. He 
was referred for IFS therapy in December 1984, one month after his 
last cycle of CVP because of the development of refractory disease 
with rapidly progressive adenopathy and lymphocytosis (>30,000 
cells/ul). He showed a minor response to intermediate dose 1F5 
therapy. POMACE/MOPP chemotherapy was given in January 
and February 1985 without response. A partial response occurred 
after therapy with high-dose cytosine arabinoside, but the patient 
died with marrow aplasia in July 1985, 

Patient 4 was a 45-year-old man with sclerosing, diffuse large-cell 
lymphoma presenting in January 1983 with bowel and lymph node 
involvement. Therapy included eight cycles of CHOP, intrathecal 
methotrexate, involved field abdominal radiation, prophylactic cra- 
nial irradiation, and allogeneic marrow transplantation (in March 
1984). He was referred for 1F5 therapy because of refractory 
lymphoma in late October 1985. He had been on dexamethasone (4 
mg/d) for many months as symptomatic therapy for myalgias, and 
this was continued during serotherapy. After treatment with 1F5 
there was a partial response that lasted six weeks. He then 
redeveloped progressive lymphoma and refused further treatment. 
He expired on December 21, 1985. 


RESULTS 


Serum 1F5 levels. Circulating free antibody levels were 
detectable by RIA in all patients throughout the period of 
infusion (Fig !). Patients 1 and 2 received MoAb doses of 5 
mg/m’*/d and consistently had 1F5 serum concentrations of 
0.3 to 1.0 wg/mL. Patients 3 and 4 received escalating 
antibody doses and had corresponding increases in 1F5 
levels. For comparable antibody doses the patients with 
circulating antigen-positive tumor cells (1 and 3) had lower 
serum levels of IFS than the patients who did not have 
significant numbers of circulating malignant lymphocytes (2 
and 4, see Fig 1), probably reflecting the effect of antibody 
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Fig 1. Serum 1F5 concentrations in patients receiving contin- 
uous infusions of antibody. MoAb 1F5 concentrations were deter- 
mined by solid phase radioimmunoassay. The doses of 1F5 infused 
in each patient are indicated by the superimposed stippled bars. 
(A), patient 1; (B), patient 2; (C), patient 3; (D), patient 4. 


binding to tumor cells. Antibody remained detectable in the 
serum for as long as three weeks after termination of infusion 
in patient 4 (peak concentration 190 ng/mL). However, IFS 
levels fell into the undetectable range within three days of 
termination of infusion in patients 1 and 2 (peak levels | 
ue/mL) end within two weeks in patient 3 (peak level 13.4 
ug/mL). Rough estimates of the serum elimination half- 
times werz calculated to be 24 hours for patient 1 (from 0.93 
ve/mL te .22 g/mL in the 48 hours after termination of 
infusion), 42 hours for patient 3 (from 13.4 ng/mL to 9.0 
ug/mL in 24 hours), and 52 hours in patient 4 (from 179 to 
35.6 wg/mL over five days). Data for patient 2 were insuffi- 
cient for estimation of a serum half-life. These elimination 
half-times are in good agreement with previous studies of 
murine aiti-CD20 antibodies in nonhuman primates (J. 
Ledbetter, unpublished results) and studies of murine anti-T 
cell antibodies in patients with GVHD.” 

CD20 entigen density on tumor cells. Table 2 summa- 
rizes the relative Bp35 surface antigen densities on patient 
lymphoid ells from blood, bone marrow, and lymph nodes as 
determined by direct immunofluorescent analysis."°!’ The 
density of this antigen on normal B lymphocyte populations 
is also listed for comparison. Patients | and 4 had CD20 
densities cn their malignant cells comparable to those seen on 
normal, resting B lymphocytes (eg, peripheral blood B cells 
and tonsil mantle zone B cells'*). Patient 3 had a much 
higher surface antigen density on his lymphoma cells, com- 
parable to that observed on normal, activated B cells (tonsil 
germinal center cells'’), Patient 2 had a very low Bp35 
antigen density on his lymph node and bone marrow tumor 
cells with a mean fluorescence intensity only 3.5 times higher 
than control cell populations lacking the antigen. (This 
degree of staining was unequivocally greater than control, 
however.) Patients 2 and 4 had negligible numbers of circu- 
lating tumor cells morphologically, confirming the negligible 
staining with FITC-1F5 seen by immunofluorescence 
(nearly all circulating lymphocytes were T cells in these 
patients). Of interest, the bone marrow of patient 4 was 
grossly involved with tumor but failed to bind FITC-1FS, 
Suggesting that an antigen-negative tumor cell variant was 
responsible for infiltration of this tissue. With this single 
exception, the different sites of lymphomatous involvement 
within a given patient showed similar CD20 antigen densi- 
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Table 2. Relative CD20 Antigen Densities on Normal and 
Malignant Lymphoid Cells 
ps a a ae 
Relative 
Cell Type Antigen Density* 


a tinea netstat teen CLC CLC LE CEN A CNN CC AE CO AANA A On tee 


Normal Tissues 


1. Peripheral Biood T cells 2t 
2. Peripheral Blood B cells 82 
3. Tonsil Mantle Zone B celis 70 
4. Tonsil Germinal Center B cells 256 
Lymphoma Patients 
1. Patient If 
a. Blood lymphocytes 96 
2. Patient 2 
a. Bone marrow 7 
b. Lymph node ceils 7 
3. Patient 3 
a. Blood lymphocytes 301 
b. Bone marrow cells 301 
c. Lymph node cells 235 
4. Patient 4 
a. Blood lymphocytes (uninvolved) 2 
b. Bone marrow celis 2 
c, Lymph node celis 84 





*Expressed as the linear channel number of the mean fluorescence 
intensity measured on a FACS IV cell sorter for cells stained with 
saturating concentrations of fluorescein-conjugated anti-CD206 antibody 
by the method of Ledbetter and Clark.” 

+Negative control (unstained) cells also showed a mean fluorescence 
intensity of 2. 

Patient 1 had an unaspirable marrow and no accessible adenopathy, 
so immunofiuorescent studies were done solely on circulating malignant 
cells. 


ties. No definitive conclusion regarding the clinical respon- 
siveness of tumors bearing different surface CD20 densities 
is possible because of the small number of patients treated 
and variable antibody doses administered. 

Effects of 1F5 on peripheral blood lymphocytes. Two 
patients (1 and 3) had appreciable numbers of circulating 
malignant cells. In both patients antibody administration 
resulted in an immediate decrease in the number of circulat- 
ing tumor cells (assessed by morphological criteria and by 
surface immunologic phenotypes). Patient 1 had an 86% 
decline in the number of blood lymphoma cells (from 1.27 x 
10°/uL to 0.18 x 10°/uL) within four hours of institution of 
1F5 therapy. Patient 3 had a 91% decrement in circulating 
tumor cells (from 18.21 x 10°/uL to 1.61 x 10°/uL) in the 


same brief time interval (Fig 2). These effects were obtained 


with low doses of antibody in both patients (5 mg/m? and 10 
mg/m’, respectively) and were sustained throughout the 
entire period of infusion (five and ten days). Flow cytometry 
of circulating PBL stained with FITC-GAMIg demon- 
strated saturation of 1F5 antibody binding sites on tumor 
cells in both patients (although complete saturation in 
patient 3 was only achieved at the higher dose of 100 
mg/m?/d, Fig 3). Serial tumor cell surface-antigen pheno- 
typing (using two-color immunofluorescence with reagents 
recognizing other tumor-associated antigens [see Materials 
and Methods}]) demonstrated that antigenic modulation did 
not occur (data not shown). In both patients termination of 
1F5 therapy was accompanied by a rapid reappearance of 
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Fig 2. Depletion of circulating lymphoma cells in patient 3 
during infusion of MoAb 1F5. 


circulating tumor cells that reached pretreatment levels 
within two to three days (Fig 2). 

Effects of 1F5 on bone marrow tumor cells. Patients |, 
2, and 3 had evaluable marrow involvement with lymphoma. 
In patients | and 2, antibody doses of 5 mg/ 1 /d were not 
sufficient for saturation of 1F5 antibody binding sites on 
tumor cells in the marrow. Patient 3 received escalating 
doses of 1F5 in conjunction with serial marrow aspirations to 
estimate the amount of antibody required for coating of 
tumor cells in the marrow. Serial fluorescence histograms 
(Fig 4) clearly showed that an antibody dose of 10 mg/m’/d 
was insufficient (4% saturation of Bp35 binding sites) but 
that 100 mg/m?/d could produce significant coating (61% 
saturation of Bp35 binding sites) of marrow tumor cells. 
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Fig 3. In vivo labeling of circulating tumor cells with 1F5 


antibody in patient 3 as assessed by serial flow cytometry of 
peripheral blood lymphocytes with FITC-GAMlg (to detect mouse 
antibody 1F5 bound to tumor cells in vivo) and FITC-1F5 (to detect 
unoccupied Bp35 [CD20] binding sites). Pretreatment PBL stained 
brightly with FITC-1F5 because of abundant free CD20 sites on 
circulating lymphoma cells. Serial histograms on days 2, 5, and 10 
revealed coating of PBL with 1F5 (detected with FITC-GAMig). 
Saturation of binding sites is shown on day 10 by absence of 
unoccupied Bp35 receptors capable of binding FITC-1F5. By two 
weeks posttreatment, bound murine MoAb was no longer detest- 
able on PBL. 
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Fig4. Penetration of MoAb 1F5 into bone marrow of patient 3 
during serotherapy as assessed by flow cytometry of mononuclear 
cells from BM aspirates using FITC-GAMlg (to detect cell-bound 
1F5) and FITC-1F5 (to detect unbound Bp35 sites). 


Regression of marrow lymphoma was not seen in any of these 
three patients. 

The marrow of patient 4 was unusual in that it appeared to 
contain tumor cells that did not express the Bp 35 antigen. 
Although marrow aspirates and biopsies contained unequivo- 
cal large cell lymphoma, no tumor cells reactive with FITC- 
IFS were detected by flow cytometry. In contrast, tumor 
cells in cervical and inguinal lymph nodes had the same 
morphology as the cells in the marrow but reacted strongly 
with antibody 1F5 as assessed by both immunoperoxidase 
and immunofluorescence techniques (see Table 2). As would 
be anticipated, infusion of antibody 1F5 had no effect on the 
antigen-negative tumor cells in the marrow of this patient. 
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Effects of 1F5 on lymph nodes. Patients 2, 3, and 4 had 
evaluable adenopathy that was biopsied before treatment 
and on the last day of antibody infusion. Immunoperoxidase 
and immunofluorescent analyses showed no penetration of 
antibody | F5 into the nodes of patient 2 (who received 105 
mg over ten days). There was minor perivascular penetration 
detectable only by immunoperoxidase methods in patient 3 
(1,032 mg over ten days). In contrast, significant coating of 
tumor ceils detectable by both immunoperoxidase and 
immunofluorescence (Figs 5 and 6) was present in patient 4 
(2,380 mg over seven days) with 69% saturation of available 
binding sites. In vitro studies showed that an ambient 1 F5 
antibody concentration of 24 g/mL was necessary to 
achieve 69% saturation of cell-surface binding sites. Since 
the serum 1 FS concentration in patient 4 at the time of his 
lymph node biopsy was approximately 190 ug/mL, we 
estimate that a | FS antibody gradient of 8:1 existed between 
serum and lymph node interstitial fluid. 

No clinical response was observed in the nodes of patient 2. 
Some inguinal nodes regressed by 25% in patient 3, but most 
lymph nodes were unaffected. There was marked regression 
of all nodes in patient 4 with a calculated >90% reduction in 
tumor burden (Fig 7). Of note. the diminution of LN size did 
not begin until day 5 of antibody infusion, and progressive 
node shrinkage continued for three weeks after cessation of 
| F5 infusion. The response duration was brief, however, with 
regrowth of LN occurring six weeks after therapy. 

Overall clinical response. Patient | had diminution of 





Fig 5. Indirect immunoperoxidase staining of lymph node frozen sections with GAMlg to detect in vivo labeling of tumor cells during 
murine MoAb 1F5 serotherapy (original magnification x 250). (A) Patient 2: LN biopsy performed on day 10 of therapy while receiving 5 
mg/m?/d of antibody 1F5. Negligible staining indicates absence of penetration of LN by antibody at this dose. (B) Patient 3: LN biopsy 
performed on day 9 of therapy while receiving 100 mg/m’*/d of 1F5. Staining of tumor cells in perivascular locations is present. (C) Patient 
4: LN biopsy performed on day 10 of therapy while receiving 800 mg/m’/d of 1F5. Peroxidase Staining is appreciable at this dose, although 
the distribution remains heterogeneous. (D) Saturation of 1F5 binding sites in patient 3 by in vitro incubation of an LN section with excess 
1F5 antibody. The section shown in this figure was from the same LN biopsy depicted in Fig 4B. 
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Fig6. Analysis of 1F5 penetration into LN during serotherapy 
assessed by flow cytometry of LN suspensions. FITC-GAMig was 
used to detect in vivo coating of tumor cells with antibody 1F5. 
Patient 2 had only a small subpopulation of LN cells possessing the 
Bp35 antigen (shown with FITC-1F5). No penetration of 1F5 into 
LN could be shown with FITC-GAMig. Virtually all LN cells in 
patient 3 possessed the Bp35 antigen and stained intensely with 
FITC-1F5, but poor in vivo penetration of 1F5 had occurred as 
shown by absence of FITC-GAMIg staining. (immunoperoxidase 
Staining of LN sections was capable of demonstrating some 
penetration of 1F5 into this LN, however [see Fig 5B]). Patient 4 
had significant penetration of 1F5 into LN as shown by staining 
with FITC-GAMIig. 


circulating tumor cells, but progressive liver and marrow 
lymphoma required premature termination of 1F5 therapy 
and institution of salvage chemotherapy. Patient 2 had no 
response of his evaluable marrow or LN disease. Patient 3 
had a minor response consisting of transient 90% reduction of 
circulating tumor cells and 25% shrinkage of some but not all 
LN but no response in the marrow. Patient 4 had a partial 
response consisting of 90% reduction of all evaluable LN. 

Toxicity. No clinically significant toxicity was observed 
in any of our patients. Patients | and 4 had asymptomatic, 
intermittent, low-grade fever (38 to 39 °C) lasting six days 
and two hours, respectively. Transient decrements of platelet 
and neutrophil counts to 50% to 75% of baseline levels were 
observed in all four patients. These changes were rapidly 
reversible in all cases except patient 1, where progressive 
cytopenias were clearly due to marrow replacement with 
tumor. In the other three instances, the blood counts stabi- 
lized after one to two days and often demonstrated some 
recovery, even before discontinuation of antibody infusion. 
No bleeding or infectious episodes occurred during antibody 
treatment. No allergic, pulmonary, renal, hepatic, or cuta- 
neous sequelae occurred. Renal function as measured by 
24-hour creatinine clearance was unchanged after comple- 
tion of antibody therapy. Complement consumption was 
observed in patients | (40% reduction of CH, and C4 levels) 
and 3 (97% reduction of CHsg, 94% reduction of C4 levels), 
but circulating immune complexes could not be detected at 
any time in any patient. 





LN Volume 


Fig 7. Reduction in tumor burden in patient 4. A 90% reduc- 
tion in LN volume was observed over a four-week period. 
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Effects of 1F5 on normal B cells. Attempts to monitor 
numerical changes and functional alterations of normal B 
cells in patients receiving IFS serotherapy (by assessing 
proliferative responses to polyclonal B cell mitogens and in 
vitro Epstein-Barr virus (EBV)-induced immunoglobulin 
synthesis) were precluded by the extremely low numbers of 
normal B cells that could be harvested from these patients 
following antibody infusion. The paucity of B cells was due to 
two factors: baseline deficiency of normal B lymphocytes (a 
common feature of advanced, refractory B cell malignancies) 
and depletion of normal as well as malignant B cells by [FS 
therapy (which has also been documented in normal nonhu- 
man primates infused with anti-CD20 antibodies, (Jeffrey 
Ledbetter, unpublished results]}. Quantitative immunoglo- 
bulin levels were carefully monitored in all patients before, 
during, and for up to five months after 1 FS therapy. Baseline 
hypogammaglobulinemia was present in patients | and 3, but 
no patient demonstrated a decline in any subclass of immu- 
noglobulin consequent to 1 F5 therapy. 

Human antimouse antibody levels. IgM HAMA were 
undetectable by RIA in all patients. Low levels of IgG 
HAMA (2 x pretreatment control levels) became detectable 
five months after serotherapy in patient 1 only. 


DISCUSSION 


This report summarizes our findings in four patients with 
refractory malignant B cell lymphomas treated with MoAb 
IFS (anti-CD20) by continuous IV infusion for five to ten 
days. Our study differs from previous serotherapy trials of 
hematologic malignancies by employing an antibody 
directed against a nonmodulating antigen. This feature 
allowed us to maintain continuous high serum antibody levels 
without inducing the tumor refractoriness generally encoun- 
tered with modulating antigens.” + The continuous infu- 
sion mode of administration allowed delivery of very high 
doses of antibody (up to 800 mg/m’*/d in patient 4) without 
the significant pulmonary toxicity that is often observed 
following bolus injection of high MoAb doses.*'*"' Serial 
kinetic measurements revealed a dose-dependent relation- 
ship between the amount of antibody infused and the concen- 
tration of free MoAb in the blood stream. We found that 
even low doses of 1F5 (5 to 10 mg/m’/d) were capable of 
depleting circulating tumor cells from the blood stream 
analogous to observations made using murine MoAbs T101 
(for chronic lymphocytic leukemia) and J5 (for acute lym- 
phocytic leukemia). O However, in contrast to the studies 
with modulating antibodies T101 and J5 given by prolonged 
or repeated administration, the responses induced by the 
nonmodulating 1F5 were sustained throughout the duration 
of the infusion (five to ten days). 

Although small doses of 1F5 sufficed to deplete circulat- 
ing tumor cells, penetration of antibody into extravascular 
sites such as bone marrow and lymph nodes proved to be 
much more problematic. Intravenous administration of 400 
to 800 mg/m?/d was required to achieve 69% saturation of 
binding sites on lymph node tumor cells. Even at these doses 
the intranodal distribution of antibody was heterogeneous. 
The immunoperoxidase staining patterns observed in LNs 
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suggested passive diffusion of antibody down a concentration 
gradient from small blood vessels into the LN parenchyma. 
The clinical responsiveness observed appeared to correlate 
with IFS dose administered, peak-serum MoAb concentra- 
tion achieved, and degree of extravascular tissue penetration 
obtained. A total dose of 52.4 mg was associated with 
progressive disease (patient 1), 104.8 mg resulted in stable 
disease in patient 2, 1,032 mg caused a minor response in 
patient 3, and 2,380 mg produced a partial response in 
patient 4. 

These observations have been made on a very small group 
of patients, each of whom had a different type of B cell 
lymphoma. The degree to which our findings might be 
applicable to other lymphoma patients is unclear, since each 
patient has a different tumor burden and distribution, dif- 
ferent numbers of circulating malignant cells acting to 
absorb infused MoAb, and different surface densities of the 
Bp35 antigen. Consequently, the dose levels and kinetic data 
found in our patients can only serve as a rough guideline for 
the management of other patients with this antibody. Gener- 
alizations from our findings with 1 FS to other MoAbs should 
be made with caution in light of recent studies demonstrating 
dramatic, unpredictable kinetic and functional differences 
among different antibodies recognizing the same antigen.” 

The toxicity seen in these four patients was insignificant. 
Minor fever and moderate cytopenias were the only adverse 
effects observed despite administration of massive doses of 
antibody IFS to patients 3 and 4. Since neither platelets nor 
neutrophils express the Bp35 antigen or label with FITC- 
IF5, the exact mechanism for the decrement in neutrophil 
and platelet counts is uncertain. It is of interest that similar 
decrements in blood counts have also been observed in 
patients treated with anti-idiotypic antibodies.* Small quan- 
tities of antibody might be absorbed via Fc receptors to these 
cells, which may then be removed from the circulation by the 
reticuloendothelial system. Although the development of 
HAMA has been a major problem in some reported series, 5? 
antimouse antibodies were detected in only one of our four 
patients, and in this patient they did not appear until five 
months after 1F5 therapy was completed. These findings are 
in accord with other studies demonstrating that patients with 
B cell malignancies undergoing monoclonal serotherapy sel- 
dom develop HAMA, whereas patients with T cell malignan- 
cies or solid tumors receiving similar treatment often develop 
antimouse antibodies.*4° 

Previous trials of MoAb serotherapy have also generally 
encountered minimal! toxicity.’ The major adverse events 
described to date involved anaphylactoid reactions in 
patients with large circulating tumor cell burdens and/or 
high circulating antigen levels given high doses of antibody 
by rapid bolus injection.*'°*' These episodes have been 
ascribed to pulmonary leukostasis resulting from sequestra- 
tion of antibody-coated tumor cells in the pulmonary vascu- 
lature leading to wheezing, dyspnea, and hypotension. The 
absence of circulating antigen and the prolonged duration of 
antibody administration in our trial were mitigating factors 
that probably helped avoid these untoward sequelae in our 
patients. 

The relative merits of continuous infusion of MoAbs 
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compared with intermittent bolus therapy remain debatable. 
For many antibodies continuous infusion is not feasible 
because of antigenic modulation. In such circumstances 
intermittent therapy is necessary to allow regeneration of cell 
surface antigen. The bolus method is less cumbersome than 
continuous infusion and achieves higher peak MoAb concen- 
trations for equivalent doses. Whether the maintenance of 
uniform high-circulating antibody levels and reduction in 
toxicity achievable with continuous infusion are sufficiently 
advantageous to offset the inconveniences remains unan- 
swered. Nevertheless, maintenance of steady state antibody 
levels in this trial has afforded an advantageous setting for 
kinetic measurements and for the assessment of the serum 
concentrations required for MoAb penetration into the 
extravascular space. 

The mechanisms by which unmodified MoAbs might 
cause elimination of tumor cells in vivo remain controversial. 
Most workers currently view antibody-dependent cellular 
cytotoxicity and reticuloendothelial system phagocytosis of 
MoAb-coated cells as the most likely processes involved.*”* 
Murine MoAbs (including 1F5) fix human complement 
poorly in vitro, and consequently complement-mediated 
tumor cell lysis is not thought to be of major significance in 
vivo. The significant consumption of complement in two of 
our four patients was unexpected and suggests a possible role 
for complement in eliminating tumor cells. 

The short, incomplete responses obtained with serotherapy 
using unmodified MoAbs have been of minimal clinica! 
benefit (with the notable exception of the patient described 
by Miller et al).’ Consequently, innovative MoAb adminis- 
tration schedules, testing of new antibodies, and administra- 
tion of ant. body conjugates will be necessary if the promise of 
monocionel serotherapy is to be realized. Badger et al have 
already convincingly demonstrated cures of lymphomas in 
mice trea‘ed with radioiodinated MoAbs in a setting in 
which unmodified MoAbs were ineffective.” Recent clinical 
reports of responses in patients with Hodgkin's disease or 
hepatoma treated with radioiodinated antiferritin antibodies 
suggest that this approach will also be useful in man?” 
Radiolabeled MoAbs can potentially kill not only the tumor 
cells to which they bind but could also kill neighboring cells 
that do not bind antibody by virtue of poor tissue penetration, 
antigenic modulation, or somatic mutation (“antigen-nega- 
tive variaats”). Toxin-antibody conjugates are similarly 
promising,” although antigens such as CD20, which are not 
endocytosed after ligand binding,”' might not be good targets 
for this approach, since immunotoxin internalization is gen- 
erally required for cell killing.” The findings of our current 
pilot study should assist in the rational design of subsequent 
trials employing such radiolabeled or toxin-conjugated 
immunotoxins. 
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Comparative Thrombolytic Properties of Single-Chain Forms of Urokinase-Type 
Plasminogen Activator 


By David C. Stump, Jean M. Stassen, Eddy Demarsin, and Desiré Collen 


The specific thrombolytic properties of urokinase and 
three molecular forms of single-chain urokinase-type plas- 
minogen activator (scu-PA) were compared in a human 
plasma milieu in vitro and in an experimental thrombosis 
model in rabbits. These scu-PA molecules included M, 
54,000 scu-PA from human urine (urinary scu-PA), scu-PA 
from conditioned media of a human lung adenocarcinoma 
ceil line (CALU-3,ATCC,HTB-55) (cellular scu-PA) and an 
M, 32,000 proteolytic derivative of cellular scu-PA (scu- 
PA-32k). All four molecular forms induced significant lysis 
of a "I-labeled human plasma clot immersed in citrated 
human plasma at cencentrations between 50 and 200 
IU/mL. None of the four showed absolute fibrin-specificity, 
but at equivalent lytic dose the three single-chain forms 
appeared to cause less fibrinogen degradation and a,- 
antiplasmin consumption than two-chain urokinase. In 
addition, the fibrinolytic potential of the three single-chain 
forms was largely maintained during pre-incubation in 
plasma for up to 48 hours whereas that of urokinase was 


ONVERSION of plasminogen to plasmin is the key 
event occurring during physiologic fibrinolysis. Most 
efficiently it occurs at or near the fibrin surface where rapid 
inhibition of the generated plasmin does not take place.’ 
Urokinase, obtained from human urine,’ activates both cir- 
culating and fibrin-bound plasminogen similarly. As a result, 
it induces fibrinolysis but only in association with the so- 
called “lytic state,” characterized by consumption of a- 
antiplasmin and fibrinogen breakdown, which may predis- 
pose to bleeding.’ In contrast, fibrin-specific thrombolysis is 
now possible with tissue-type plasminogen activator (t-PA), 
which efficiently activates plasminogen only in the vicinity of 
a blood clot‘ as the result of its specific affinity for fibrin.’ Its 
promise as a fibrin-specific thrombolytic-in-man agent has 
now been confirmed.° 
More recently, a single-chain molecular form of urokinase 
has also been recognized as a potential fibrin-specific throm- 
bolytic agent. '? These molecular forms of urokinase have 
been designated pro-urokinase or preferably single-chain 
urokinase-type plasminogen activator (scu-PA).'? According 
to some studies, scu-PA activates plasminogen with high 
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completely inhibited. Intravenous (IV) infusion of cellular 
scu-PA or scu-PA-32k into rabbits with a ‘I-labeled 
thrombus in the jugular vein caused significant dose- 
dependent lysis at concentrations ranging from 8,700 to 
35,000 and from 9,000 to 36,000 IU/kg respectively. Clot 
lysis was accompanied by minor a,-antiplasmin consump- 
tion or fibrinogen breakdown. In contrast, urokinase 
induced lysis at doses between 20,000 and 200,000 IU/kg, 
but at higher doses was associated with significant sys- 
temic activation of the fibrinolytic system. It is concluded 
that scu-PA obtained from CALU-3 cell cultures has identi- 
cal thrombolytic properties to that obtained from urine. In 
addition, the scu-PA-32k proteolytic derivative has the 
same fibrin-specific thrombolytic properties as the intact 
molecule. Cellular scu-PA and scu-PA~32k may therefore 
constitute more readily available alternatives for clot- 
selective thrombolytic therapy in man. 

© 1987 by Grune & Stratton, Inc. 


affinity (K,, < 1 wmol/L), even in the absence of fibrin,'*! 
but this activity is inhibited by plasma. However, with the 
presence of fibrin in plasma, scu-PA regains its plasminogen- 
activating potential, though not via direct binding to fibrin. 
To date scu-PA has not become widely available for use in 
biochemical and clinical studies. The most readily available 
biological source of scu-PA, human urine, indeed contains 
such small amounts (<15 ug/L)” that it is impractical for 
use in large-scale purification. Moreover, to date, urinary 
scu-PA, though fully characterized physicochemically and 
kinetically,’ has not been shown to be stable in plasma or to 
have clot-selective fibrinolytic properties in plasma. 

A more widely available and enriched secondary source 
(CALU~: cells) of scu-PA has been identified and a 
straightforward method for its purification developed.'* This 
has also led to the identification of a novel proteolytically 
modified M, 32,000 form of scu-PA,"? which has similar 
kinetic properties as intact scu-PA. The purpose of the 
present study was to compare the thrombolytic properties of 
urinary scu-PA, cellular scu-PA, and scu-PA—32k with those 
of urokinase. 


MATERIALS AND METHODS 


Human urinary scu-PA was purified as described’’ with a specific 
activity of 31,000 [U/mg as determined by calibration against the 
Internatioral Reference Preparation for Urokinase (66/96) 
obtained from Dr P.J. Gaffney, National Institute for Biological 
Standards and Control, London, UK. Cellular scu-PA was purified 
from condi:ioned media of cultured human lung adenocarcinoma 
cells (CAL'U-3,ATCC,HTB-55)* with a specific activity of 35,000 
IU /mg. M, 32,000 scu-PA (scu-PA-32k) with a specific activity of 
71,000 [U/mg was obtained from this same cell line as described 
elsewhere." Prior to use all three forms of scu-PA were freed of 
contaminat ng urokinase by chromatography on benzamidine- 
sepharose,~ which reduced the urokinase content to less than 1%. 
Urinary urokinase (Winkinase) was a gift from Dr E. Murano, 
Bureau of Biologics, Bethesda, MD. 

Human fibrinogen’! and thrombin” were prepared by the meth- 
ods described. Fibrinogen labeling with '°1 (Amersham Research 
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Products, Amersham, UK) was performed with the Enzymobead 
Reagent (Biorad, Richmond, CA). Desalting and purification were 
accomplished by filtration over a 10 mL column of Sephadex G25 
(Pharmacia, Uppsala, Sweden) and a 0.7 x 60 cm cclumn of 
Ultrogel AcA 44 Ultrogel (LKB, Bromma, Sweden) respectively. 

In vitro lysis of human plasma clots. The relative fibrinolytic 
and fibrinogenolytic properties of the different forms of scu-PA and 
of urokinase were determined in an in vitro system consisting of a 
'51_Jabeled human plasma clot immersed in citrated human plasma, 
as previously described.” The '**I-labeled plasma clots were added to 
2.5 mL aliquots of pooled plasma, counted, and warmed to 37 Cina 
water bath. Fifty microliters of plasminogen activator were then 
added. At one-hour intervals, 250 mL of plasma were removed, the 
131 content measured, and the percent lysis determined from the 
solubilized radioisotope. Controls without added plasminogen acti- 
vator were determined at each hourly sampling point and always 
were less than 5% to 10% of total releasable radioactivity over the 
four-hour experimental period. Plasma fibrinogen levels were deter- 
mined immediately on each hourly sample,” and «,-antiplasmin 
levels were later measured on frozen samples.” Reported results are 
means of at least three separate experiments. 

The stability of the plasminogen activators in plasma was mea- 
sured in the following way. Mixtures were incubated at room 
temperature for varying periods of time with concentrations of 
plasminogen activator chosen to give at least 50% lysis within four 
hours. After pre-incubation, freshly prepared '™ I-labeled plasma 
clots were added to the mixtures that were placed at 37°C. Lysis 
rates were measured and calculated as above on duplicate samples. 

Thrombolysis in a rabbit jugular vein thrombosis model. The 
in vivo thrombolytic properties of cellular scu-PA and scu-PA~32k 
were compared to those of urokinase in the rabbit jugular vein 
thrombosis model previously described.” In the present study '7*I- 
labeled jugular vein thrombi were aged for 30 minutes, then the 
plasminogen activator was administered as a 10% bolus injection, 
followed by continuous infusion of the remaining 90% dose over four 
hours via a contralateral marginal ear vein. Thrombolysis was 
quantitated 30 minutes after the end of the infusion by counting the 
residual radioactivity in the jugular vein segment. Blood samples of | 
mL were drawn into 0.01 mol/L citrate and used for determinations 
of residual fibrinogen and «,-antiplasmin levels. 


RESULTS 


The dose response of fibrinolysis in human plasma in vitro 
of the three forms of scu-PA and of urokinase is shown in Fig 
1. Urinary scu-PA induced significant clot lysis at a concen- 
tration of 200 IU/mL in two to three hours (Fig 1A). Ata 
twofold higher concentration, more rapid lysis occurred, 35% 
within one hour and 95% within two hours. No significant 
lysis was observed over the four-hour observation period at 
concentrations below 100 IU/mL. Similar dose-related fibri- 
nolytic responses were also seen with cellular scu-PA (Fig 
1B) and scu-PA~—32k (Fig 1C), with significant lysis occur- 
ring with 100 [U/mL or more and to lysis with 50 1U/mL or 
less. Lysis progressed with time with all three molecular 
forms of scu-PA. When lysis induced by urokinase was 
quantitated (Fig 1D), initially a more rapid and more potent 
effect was seen. The addition of only 50 IU/mL induced 50% 
lysis within one hour. This rapid initial lysis was proportional 
to the amount of urokinase added, but in contrast to that 
observed with the scu-PA forms, the subsequent lysis rates 
decreased with time. With urokinase, lysis thus occurred 
predominantly within the first two hours. 

The relative fibrin-specificities of the urokinase-type plas- 
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Fig 1. Lysis of human plasma clots labeled with "I fibrin 
following addition of (A) urinary scu-PA @—@: 50 IU/mL; Mf: 
100 IU/mL; @—~@: 200 IU/mL; v—-v: 400 IU/mL. {B} cellular 
scu-PA @©——-@: 20 IU/mL: @-—@: 40 IU/mL; 6—4: 80 IU/ml: 
v——v: 160 IU/mL. (C) scu-PA-32k @-—@: 24 U/ml; WW: 48 
IU/mL: @—- @: 95 10 /mL; v-—ve: 190 U/mL. (D) urokinase @-——®: 
12 IU/mL; E-E: 24 U/mL; $~- @: 48 IU/mL; «+: 96 IU/mL. 
Control values without added plasminogen activator were: at one 
hour: 3.7% + 1.3%: at two hours: 5.6% + 1.7%; at three hours: 
6.7% + 2.3%: at four hours: 7.0% + 3.1%. Each data point 
represents the mean value of at least three separate experiments 
+SD for one concentration of each giving significant lysis. 


minogen activators (u-PAs) are shown in Fig 2. At concen- 
trations of 200 IU/mL (urinary), 160 [U/mL(cellular), or 
95 I1U/mL(scu-PA~32k) 50% or more lysis was observed 
within four hours, all with less than 25% fibrinogen break- 
down. At concentrations of 400 IU/mL of urinary scu-PA 
(Fig 2A) or of 200 IU/mL of scu-PA—32k (Fig 2C}, which 
gave 100% after three hours, plasma fibrinogen levels 
decreased to below 25% of the baseline level. With urokinase 
(Fig 2D), 45% to 55% lysis occurred after one hour with both 
48 and 96 IU/mL, concomitant with 30% and 70% fibrino- 
gen degradation respectively. At a concentration of 96 
IU/mL urokinase was also associated with a greater than 
75% decrease in fibrinogen levels after two hours while not 
causing 100% lysis even after four hours. Thus, although 
none of the urokinase-type plasminogen activators was abso- 
lutely fibrin-specific in this in vitro model, equivalent clot 
lysis appeared to be accompanied by less extensive fibrinogen 
degradation with all three single-chain forms. Measurement 
of a,-antiplasmin levels confirmed this, with less than 50% 
consumption associated with 50% lysis by the three single- 
chain forms, while 50% lysis by urokinase was always. 
accompanied by greater than 50% a,-antiplasmin consump- 
tion (not shown). 
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Fig 2. Plasma fibrinogen levels during lysis of human plasma 


clots labeled with '*I-fibrin following addition of urinary scu-PA 
(A); cellular scu-PA (B); scu-PA~-32k (C); and urokinase (D). The 
symbols represent the same concentrations as in Fig 1. Control 
fractional fibrinogen levels without added plasminogen activator 
were at one hour: 0.99 + 0.025; at two hours: 0.92 = 0.059: at 
three hours: 0.96 + 0.034; and at four hours: 0.90 + 0.045. Each 
data point represents the mean value of at least three separate 
experiments «SD for one concentration of each giving significant 
lysis. 


The relative stability of scu-PA in plasma was illustrated 
by pre-incubation studies with results shown in Fig 3. Lysis 
of freshly prepared plasma clots was measured after pre- 
incubation of mixtures of plasma with each of the four forms 
of u-PA at room temperature. Without preincubation all 
three single-chain forms, at concentrations between 160 and 
400 IU/mL, gave 50% lysis within 1.5 to 2.5 hours. The more 
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FIBRINOLYSIS IN PERCENT 





TIRE IN HOURS 


Fig 3. Lysis of freshly prepared human plasma clots labeled 
with '*l-fibrin after pre-incubation with urinary scu-PA 400 IU/mL 
(E-W); cellular scu-PA 160 IU/mL (¢—-¢); scu-PA-32k 190 
IU/mL (v—-v}; urokinase 48 IU/mL (@—-@}; and control without 
added plasminogen activator (O-—-O). (A) O hours; (B) 24 hours: 
(C) 48 hours. Each data point represents the mean of two 
experiments. 


rapid initial rate for urokinase was evident by 50% lysis with 
48 IU/mL at only one hour (panel A). After pre-incubation 
for 24 hours (panel B) and 48 hours (panel C), the potency of 
the single-chain forms was largely maintained, with 50% 
lysis still occurring within 2.5 to 4 hours. In contrast, 
urokinase was completely inhibited within the first 24 
hours. 

The thrombolytic properties and the fibrin specificity of 
the more readily available cellular scu-PA and scu-PA-32k 
were compared with those of urokinase in a rabbit jugular 
vein thrombosis model with results summarized in Table 1. 
Lysis measured 30 minutes after the end of infusion of 
solvent into control animals was 8.9% + 0.6%. Dose- 
dependent lysis (12% to 48%) was observed for urokinase 
over a range of 20, 000 to 200,000 IU (0.2 to 2.0 mg) per 
kilogram. A similar range of lysis (13% to 40%) was 
produced by infusion of cellular scu-PA over a concentration 
range of 8,700 to 35,000 IU (0.25 to 1.0 mg) per kilogram 
and by scu-PA~-32k between 9,000 and 36,000 IU (0.13 to 
0.5 mg) per kilogram. Comparable thrombolysis (20% to 
25%) was obtained with 100.000 [U/kg urokinase, 17,000 
[U/kg scu-PA, and 18,000 IU/kg scu-PA~32k, ie, five- to 
eightfold lower total doses for both forms of scu-PA than for 
urokinase. In addition, both ferms cf scu-PA failed to induce 
systemic fbrinolytic activation, as evidenced by normal 


Table 1. Thrombolysis After Infusion of Different Molecular Forms of scu-PA or Two-Chain Urokinase 











Dose Lysis 
Agent (IU/kg) n (percent) 
Control -< 5 8.9: 0.6 
Urokinase 20.000 3 12 + 0.8 
50,000 3 16 + 2.3 
100.000 3 22 + 0.8 
200.000 4 48+ 4.3 
Cellular scu-PA 8,700 3 13+ 1.3 
17,000 6 21+ 1.4 
35,000 4 34 + 3.8 
scu-PA-32K 9,000 3 15 + 1.1 
18,000 3 24 + 1.5 
36.000 3 40 + 4.1 


in Rabbits With Jugular Vein Thrombosis 
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Recovery Fibrinogen &,-Antiplasmin 
(percent) (percent) {percent} 
99 + 1.8 101 + 3 94 +4 
99 + 1.5 101 + 5 90 +6 
94 + 2.2 95+ 5 87 + 2 
95 + 0.9 91+ 7 74 +6 
93 + 5.3 39 + 24 42+ 14 
94 + 1.0 92 + 12 92 + 7 
94+ 1.8 99 + 3 85 +3 
S88 + 1.8 92 + 2 97 +4 
96 + 1.0 98 + 2 90 +8 
94 + 3.3 99:4 95 +2 
93 + 3.2 90 +5 100 + 2 
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Each figure represents the mean + standard error of the mean of the number of experiments indicated by n. 
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THROMBOLYTIC PROPERTIES OF scu-PA 


fibrinogen and a,-antiplasmin levels. Lysis with urokinase 
occurred with less fibrin-specificity as reflected by the dose- 
dependent consumption of a,-antiplasmin. Fibrinogen degra- 
dation with urokinase was very pronounced at the highest 
dose (200,000 IU/kg) with plasma levels falling to 39% of 
baseline. 


DISCUSSION 


Evidence is accumulating that the single-chain form of 
urokinase, presently designated scu-PA,'* shows potential as 
a fibrin-specific thrombolytic agent. Although scu-PA iso- 
lated from its natural source, human urine, has been charac- 
terized to some extent," all information on its fibrin 
specificity in plasma in vitro*? or in vivo'*!°"* has been 
obtained with material isolated from secondary sources, eg, 
cell culture or recombinant DNA technology. In the present 
study we compared the specific thrombolytic properties of 
scu-PA derived from human urine, its natural biclogical 
source, with that of scu-PA isolated from CALU-3-condi- 
tioned cell culture media. Both forms of scu-PA do induce 
clot lysis with relatively higher fibrin specificity than uroki- 
nase in a human plasma milieu. In addition, both scu-PA 
forms demonstrate relatively higher stability in plasma than 
urokinase, with an approximately 50% preservation of fibri- 
nolytic capacity after 48 hours incubation of scu-PA with 
plasma but total inhibition of urokinase within 24 hours. This 
relative stability, as previously recognized for scu-PA from 
other secondary natural® or recombinant sources,’ has been 
ascribed to the presence of specific plasma inhibitor(s) of 
urokinase. Such an inhibitor has in fact now been identified 
in human plasma with inhibitory activity toward urokinase 
but not scu-PA.” This inhibition would not account for the 
partial reduction in fibrinolytic activity of the single-chain 
forms seen during pre-incubation, though some loss of activ- 
ity after prolonged room temperature exposure is perhaps not 
surprising. 

From these observations two extrapolations can be made. 
First, since scu-PA circulating in blood” is most likely 
identical to that isolated from urine, it may as such contrib- 
ute to physiologic fibrin-specific thrombolysis via i:s rela- 
tively unique fibrinolytic properties. Second, scu-PA from 
cellular origin, specifically isolated from CALU-3-condi- 
tioned cell culture media, having biological properties identi- 
cal to those of urinary scu-PA, may constitute a valid and 
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more practical alternative for the study of the biochemical 
and biological properties of scu-PA. 

In addition, the in vitro and in vivo thrombolytic properties 
of scu-PA-32k, a previously unrecognized molecular form of 
scu-PA, were compared with that of its well-characterized 
M. 54,000 counterpart. Though structurally different, both 
forms induced very similar clot lysis, relatively distinct from 
that of urokinase. Their molar-specific fibrinolytic activities, 
as measured on fibrin plates, were identical, although their 
thrombolytic potency in vivo was higher than that of uroki- 
nase, as contrasting with the higher in vitro potency of 
urokinase. This discrepancy may well be related to species 
differences between the plasma systems utilized, especially 
with the known lack of sensitivity of the rabbit to uroki- 
nase.”’ 

While our results indicate that the moiety(ies) responsible 
for the fibrin specificity of scu-PA are not dependent upon 
the NH,-terminal and kringle-containing portions of the M, 
$4,000 protein, which are indeed absent in scu-PA-32k,"” the 
exact structures responsible for its unique action remain, 
however, to be more precisely defined. Since scu-PA appears 
to act more via a high affinity for its natural substrate 
plasminogen than via a specific affinity for fibrin, it is 
perhaps not surprising that the domains responsible for lysine 
(fibrin) binding could be deleted without any impact on the 
fibrinolytic capacity of the enzyme. In fact, scu-PA~32k does 
display the same high affinity for plasminogen (K,, = 0.9 
umol/L) as M, 54,000 scu-PA, a property not present in 
either molecule following conversion to two-chain u-PA by 
cleavage of the Lys 158-He 159 peptide bond.'” In any case, 
scu-PA~32k, a low M, variant of scu-PA with identical 
thrombolytic properties, may constitute a more practical 
alternative to the native high M, form, particularly for the 
large-scale production of this thrombolytic agent by recom- 
binant DNA technology. As such it may offer significant 
potential for future development. 

In summary, it is concluded that scu-PA derived from its 
natural biological source, human urine, has distinctive fibri- 
nolytic properties from urokinase. Furthermore, the more 
readily available scu-PA, obtained from CALU-3 ceil struc- 
tures, has identical thrombolytic properties to the material of 
urinary origin. Thus, scu-PA and scu-PA~32k. a proteolytic 
derivative of scu-PA, may constitute valid alternatives for 
future physiologic and therapeutic studies in man. 


REFERENCES 


1. Collen D: On the regulation and control of fibrinolysis. 
Thromb Haemost 43:77, 1980 

2. White WF, Barlow GH, Mozen MM: The isolation and 
characterization of plasminogen activators (urokinase) from human 
urine. Biochemistry 5:2160, 1966 

3, Paoletti R, Sherry S (eds): Thrombosis and Urokinase. Lon- 
don, Academic, 1977 

4. Hoylaerts M, Rijken DC, Lijnen HR, Collen D: Kinetics of the 
activation of plasminogen by human tissue plasminogen activator. J 
Biol Chem 257:2912, 1982 

5. Riken DC, Collen D: Purification and characterization of the 
plasminogen activator secreted by human melanoma cells in culture. 
J Biol Chem 256:7035, 1981 


6. Collen D: Human tissue-type plasminogen activator from the 
laboratory to the bedside. Circulation 72:18, 1982 

7. Sumi H, Maruyama M., Matsuo O, Mihara H, Toki N: Higher 
fibrin-binding and thrombolytic properties of single polypeptide 
chain-high molecular weight urokinase. Thromb Haemost 47:297, 
1982 

8. Gurewich V, Pannell R, Louie S, Kelley P, Suddith RL, 
Greenlee R: Effective and fibrin-specific clot lysis by a zymogen 
precursor form of urokinase (pro-urokinase). A study in vitro and in 
two animal species. J Clin Invest 73:1731, 1984 

9. Zamarron C, Lijnen HR, Van Hoef B, Collen D: Biological 
properties of proenzyme and active forms of urokinase. I. Fibrino- 
lytic and fibrinogenolytic properties in human plasma im vitro of 


596 


urokinases obtained from human urine or by recombinant DNA 
technology. Thromb Haemost 52:19, 1984 

10. Collen D, Stassen JM, Blaber M, Winkler M, Verstraete M: 
Biological and thrombolytic properties of proenzyme and active 
forms of human urokinase. IH. Thrombolytic properties of natural 
and recombinant urokinase in rabbits with experimental jugular vein 
thrombosis. Thromb Haemost 52:27, 1984 

11. Collen D, Stump D, Van de Werf F, Jang IK, Nobuhara M, 
Lijnen HR: Coronary thrombolysis in dogs with intravenously 
administered human pro-urokinase. Circulation 72:384, 1985 

12. Van de Werf F, Nobuhara M, Collen D: Coronary thrombo- 
lysis with human single-chain, urokinase-type plasminogen activator 
(pro-urokinase) in patients with acute myocardial infarction. Ann 
Intern Med 104:345, 1986 

13. Report of the meeting of the subcommittee on fibrinolysis. 
San Diego, July 13, 1985. Thromb Haemost 54:893, 1985 

i4. Lijnen HR, Zamarron C, Blaber M, Winkler M, Collen D: 
Activation of plasminogen by pro-urokinase. 1. Mechanism. J Biol 
Chem 261:1253, 1986 

15. Collen D, Zamarron C, Lijnen HR, Hoylaerts M: Activation 
of plasminogen by pro-urokinase. H. Kinetics. J Biol Chem 
261:1259, 1986 

16. Husain SS, Gurewich V, Lipinski B: Purification and partial 
characterization of a single-chain high-molecular-weight form of 
urokinase from human urine. Arch Biochem Biophys 220:31, 1983 

17. Stump DC, Thienpont M, Collen D: Urokinase-related pro- 
teins in human urine, Isolation and characterization of single-chain 
urokinase (pro-urokinase) and urokinase-inhibitor complex. J Biol 
Chem 261:1267, 1986 

18, Stump DC, Lijnen HR, Collen D: Purification and character- 
ization of single-chain urokinase-type plasminogen activator from 
human cell cultures. J Biol Chem 261:1274, 1986 

19. Stump DC, Lijnen HR, Collen D: Purification and character- 


STUMP ET AL 


ization of a novel low molecular weight form of single-chain uroki- 
nase-type plasminogen activator. J Biol Chem 1986 {in press) 

20. Holmberg L, Bladh B, Astedt B: Purification of urokinase by 
affinity chromatography. Biochim Biophys Acta 445:215, 1976 

21. Bk-mback B, Blémback M: Purification of human bovine 
fibrinoger. Arkh Kemi 10:415, 1956 

22. Fenton JW, Fasco MJ, Stockrow AB, Aronson DL, Young 
AM, Finlayson JS: Human thrombins. Production, evaluation and 
properties of alpha-thrombin. J Biol Chem 252:3587, 1977 


23. Matsuo O, Rijken DC, Collen D: Comparison of the relative 
fibrinogenolytic, fibrinolytic and thrombolytic properties of tissue 
plasminogen activator and urokinase in vitro. Thromb Haemost 
45:225, ISR] 

24. Vermylen C, De Vreker R, Verstraete M: A rapid enzymatic 
method fcr assay of fibrinogen fibrin polymerization time (FPT- 
test). Clin Chim Acta 8:418, 1963 

25. Edy J, De Cock F, Collen D: Inhibition of plasmin by normal 
and antiplasmin-depleted plasma. Thromb Res 8:513, 1976 

26. Colen D, Stassen JM, Verstraete M: Thrombolysis with 
human ex:rinsic (tissue-type} plasminogen activator in rabbits with 
experimer tal jugular vein thrombosis. Effect of molecular form and 
dose of activation, age of the thrombus, and route of administration. 
J Clin Invest 71:368, 1983 

27. Stump DC, Thienpont M, Collen D: Purification and charac- 
terization of a novel inhibitor of urokinase from human urine. 
Quantitation and preliminary characterization in plasma. J Biol 
Chem 261 12759, 1986 

28. Wun TC, Schleuning WD, Reich E: Isolation and character- 
ization of urokinase from human plasma. J Biol Chem 257:3276, 
1982 

29. Ma‘suo O, Mihara H: Threshold phenomena in blood fibrino- 
lysis. Thromb Res 10:753, 1977 


etn 


Hematologic Engraftment and Immune Reconstitution Posttransplantation With 
Anti-B1 Purged Autologous Bone Marrow 


By K.C. Anderson, J. Ritz, T. Takvorian, F. Coral, H. Daley, B.C. Gorgone, A.S. Freedman, 
George P. Canellos, S.F. Schlossman, and L.M. Nadler 


Hematologic engraftment and immune reconstitution were 
examined in patients who received cyclophosphamide and 
total body irradiation therapy followed by infusion of autol- 
ogous bone marrow purged with anti-B1 monocional anti- 
body (MoAb) and complement as therapy for non-Hodg- 
kin's lymphoma. Hematologic engraftment was prompt 
with return of = 0.5 x 10°/uL granulocytes and = 2 x 
10*/uL platelets at a median of 26 and 29 days posttrans- 
lant, respectively. Immunologic reconstitution, in contrast, 
was prolonged. Normal numbers of circulating B cells were 
consistently noted by five months posttransplant, whereas 
return of normal immunoglobulin levels in some patients 
did not occur for ane year. Normal numbers of T cells were 


IGH-DOSE chemoradiotherapy and bone marrow sup- 
port now have become an important treatment modal- 
ity for patients with relapsed non-Hodgkin's lymphoma 
(NHL)? Although earlier studies employed syngeneic”? or 
allogeneic”? bone marrow to rescue the aplasia induced by 
ablative therapy, most recent trials now employ autologous 
marrow. This approach has demonstrated high efficacy 
with complete responses approaching 90% and minimal 
toxicity compared with allogeneic transplantation. A more 
general application of autologous bone marrow transplanta- 
tion (ABMT) for NHL has been limited by lymphomatous 
infiltration of the marrow.” ™ To overcome this obstacle, 
several approaches to purge the marrow of tumor ceils have 
been suggested. These include techniques to remove tumor 
cells on the basis of their density, osmotic fragility, sensitivity 
to chemotherapy, and/or expression of tumor-associated cell 
surface antigens.” However, the success of these techniques, 
either alone or in combination, is dependent upon the 
removal of tumor cells from the marrow without damaging 
hematopoietic stem cells. 

The eradication of lymphoma celis from the bone marrow 
of patients with relapsed B cell NHL has been one of our 
major interests during the past 3'4 years. We have treated 
minimally involved bone marrows of patients with relapsed B 
cell NHL with the monoclonal antibody (MoAb) anti-B] 
and rabbit complement in an attempt to render the marrow 
tumor free. >+! The anti-B] MoAb defines a nonglyco- 
sylated phosphoprotein of 35kD whose expression within the 
hematopoietic system appears to be B cell restricted.” This 
antigen appears on the B cell surface prior to the cytoplasmic 
mu positive pre-B cell stage and is lost from the cell surface 
as cells become plasma cells. Detailed in vitro experiments 
demonstrated that the BI antigen is not expressed on either 
myeloid or erythroid stem cells.” Moreover, treatment with 
anti-B! MoAb and complement in vitro eliminates clono- 
genic Burkitt's cells from normal human bone marrow.” 

Although hematologic engraftment in our patients who 
received anti-B1-purged ABMT has been rapid and com- 
plete, it is equally important to demonstrate immunologic 
engraftment. Relapsed lymphoma patients rescued with 
untreated autologous bone marrow have demonstrated rapid 
resolution of granulocytopenia and thrombocytopenia by 
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evident within the first month posttransplant, but a 
reversed T4:T8 ratio persisted in some patients up to three 
years. In vitro responses of either B cells to triggers of 
activation or of T cells to mitogens and antigens were not 
normal for at least three months posttransplant. Natural 
killer (NK) cells predominated early after transplant and 
may demonstrate cytotoxicity against tumor cells. Our 
studies demonstrate that transplantation with anti-B1 
purged autologous bone marrow results in complete hema- 
tologic and delayed immunologic engraftment. No signifi- 
cant acute or chronic clinical toxicities have been 
observed. 

© 1987 by Grune & Stratton, Inc. 


three to four weeks post-ABMT."''?° However, the reconsti- 
tution of immune function following ABMT for iymphoma 
has been less well studied. We have therefore attempted to 
examine both hematologic and immunologic engraftment of 
patients who have undergone ABMT after purging of mar- 
row tumor cells with anti-B] MoAb and complement. 


MATERIALS AND METHODS 


Hematologic Engraftment 


Peripheral blood samples obtained from 24 patients who under- 
went autologous bone marrow transplantation therapy are included 
in this analysis: 23 patients with NHL and a single patient with 
chronic lymphocytic leukemia. Prior to in vitro marrow purging, 
patients were treated with conventional chemotherapy, radiation 
therapy, and/or surgery to a minimal tumor burden and a histologi- 
cally uninvolved bone marrow with <5% cells expressing BI. To date 
all patients have attained a complete clinical response and have 
achieved complete hematologic engraftment with minimal acute and 
chronic clinical toxicity. The day posttransplant, when circulating 
white blood cells appeared, as well as the interval to achievement of 
>0.5 x 10° granulocytes/ul. and a stable untransfused platelet 
count of at least 2 x 10*/uL served as monitors of hematologic 
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engraftment. The duration of hospitalization posttransplant was also 
recorded, 


Patient Samples 


After appropriate human protection validation and informed 
consent, patient samples were obtained for study. Peripheral blood 
samples were obtained prior to and at various intervals posttrans- 
plantation. Mononuclear cells were obtained from peripheral blood 
(PBMCs) by Ficoll-Hypaque density sedimentation” for phenotypic 
and functional analysis. Sufficient numbers of cells were not avail- 
able for every time point; in particular, detailed data were not 
collected for the earliest patients undergoing this treatment. In 
addition, no analysis was performed beyond the time of relapse for 
nine patients. 


Phenotypic Analysis 


A panel of MoAbs specific for B and T cells, monocytes, and 
natural killer (NK) cells was used in this study (Table 1). PBMCs 
were assayed for reactivity with the MoAbs by indirect immuno- 
fluorescence staining and flow cytometric analysis as described 
previously.” Antibody-coated cells were enumerated by flow cyto- 
metric analysis using an EPICS V cell sorter (Coulter Electronics, 
Hialeah, FL). For each sample 10,000 cells were analyzed using a 
log amplifier. 


Functional Assays 


Peripheral blood samples (60 mL) were obtained from patients 
and at least one normal donor at the time of each functional assay. 


Stimulation of B Cells 


B cell proliferation assays were performed as previously 
described.” B cell-enriched preparations were made from PBMCs 
by E rosette depletion whenever numbers of cells permitted. Because 
it is extremely difficult to purify B cells from peripheral blood to 
homogeneity using both depletion as well as enrichment. tech- 
niques,” we chose anti-u, which is a stimulus for B cell but not for T 
cell proliferation.” Cells were resuspended at 5 x 10° cells/mL in 
RPMI1/10% fetal calf serum, and 100-uL aliquots were dispensed in 
96-well round-bottomed tissue culture plates (Costar, Cambridge, 
MA). Cells were cultured in the presence of either rabbit anti-u 
chain-conjugated polyacrylamide beads (30 pg/mL. wt/vol) (Im- 
munobead, BioRad, Richmond, CA) or media to a final culture 
volume of 200 uL/well. To measure proliferation, some cultures 
were pulsed at 48 hours with 0.2 wCi/well (1 Ci = 3.7 x 10" Bq) of 


Table 1. Reactivity of Monocional Antibodies 





Molecular 
Monoclonal Weight 
Antibody CD Lineage Restriction {kilodaltons) Reference 

Anti-B4 19 Pan-B 95 34 
Anti-B 1 20 Pan-B 35 29, 30 
Anti-B2 21 ~~ Limitec-B (EBV/C3d receptor) 140 35 
Anti-T3 3 Mature T (Part of T3-Ti T cell 19-29 36 

receptor/complex) 
Anti-T 11 2  Pan-T (Alternative pathway of 50 36 

T cell activation) 
Anti-T4 4 Mature helper/inducer T cell 55 37 
Anti-T8 8 Mature cytotoxic/suppressor 32-33 38 

T cells 
Anti-Mo2 w14 Monocytes 55 39 
Antr-NKH1T — Large granular lymphocytes 200-220 40, 41 
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tritiated thymidine ({(°H]TdR), were harvested 15 hours later onto 
glass filters, and were counted on a liquid scintillation counter 
(Packard Tri-Carb 4530, Downers Grove, IL). A stimulation index 
(proliferation noted to a given stimulus/ proliferation noted to media 
alone) =2.0 was judged to be significant. B cells from normal donors 
were stimulated at the time of each patient assay and served as 
controls. 


Stimulation of T Cells 


PBMCs were resuspended at | x 10° cells/mL in RPMI/10% 
human AB serum, and 100 pzL-aliquots were dispensed in 96-well, 
round-bottomed tissue culture plates (Costar). Cells were cultured 
in the presence of either media alone or stimuli at the following final 
concentrations: phytohemagglutinin (PHA) 1:5 and 1:10; concanav- 
alin A (Con A) 1:20 and 1:40; mumps 1:20; tetanus toxoid 1:10; and 
Candida albicans 1:50. For allogeneic mixed-lymphocyte reactions, 
Epstein-Barr virus (EBV)-transformed Laz 388 cells were irradiated 
to 5,000 R, resuspended at | x 10°/mL, and 100-uL aliquots 
dispensed into 96-well round-bottomed plates containing equal num- 
bers of patient PBMCs. Twenty microliters of T cell growth factor 
containing media (TCGF-CM) was also added to wells already 
containing patient cells and/or media, PHA, or Laz 388 cells. In all 
cases cells were cultured at 37°C in 5% CO, and pulsed with 0.2 
uCi/well {1 Ci = 3.7 x 10° Bq) of tritiated thymidine (PH]TdR), 
harvested 18 hours later, and counted as described above. The 
increment in proliferation noted to the individual stimulus compared 
to media was calculated for both the patient and for the normal 
control examined on the same day. The patient response to any given 
stimulus was judged to be significant if it was =40% of proliferation 
of normal zelis cultured with the identical stimulus. Finally, prolifer- 
ation noted to PHA or Laz 388 was compared to that noted when 
cells were cultured with these stimuli supplemented with TCGF- 
CM. The addition of TCGF-CM to PHA was judged to significantly 
enhance proliferation if proliferation to TCGF-CM and PHA/ 
proliferation to PHA =1.5. The TCGF-CM used in these studies was 
obtained as previously described.” 


Cytotoxicity (Natural Killer Cell} Assays 

Cytotoxicity assays were performed according to a standard 
chromium release method previously described.” Assays were per- 
formed at various effector:target ratios using 5,000 K562 target 
cells/well. Significant NK cell function was >5% killing of K562, as 
evidenced by chromium release assay. 


RESULTS 
Hematolagic Engraftment 


A median of 5.1 (range 2.0 to 8.5 x 10’) autologous bone 
marrow cells/kg were reinfused. Marrow engraftment 
occurred n all patients with the first evidence of white blood 
cell recovery generally by cays 10 to 12 and 0.5 x 103 
granulocytes/uL at a median of 26 (range 12 to 45) days 
after transplant. A stable nontransfused platelet count of at 
least 2 x 10°/uL was attained at a median of 29 (range 14 to 
137) days. Finally, duration of hospitalization was a median 
of 33 (renge 20 to 58) days posttransplant. Eighty-four 
percent, 10%, and 6% of deglycerolized frozen red blood cells 
were transfused in the first, second, and third months post- 
transplan, respectively. Eighty percent of platelets were 
transfused in the first month, 19.5% in the second month, and 
only 0.5% after eight weeks posttranplant. 
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Table 2. Cell Surface Phenotype of Mononuclear Cells Posttransplant 


np e eee 


hr maasnainnnarh inian ao ora aans unamaanisha: 


No. Patients Normal*/No. Patients Tested 


Weeks 
Posttransplant Pre 2 3 4 8 12-16 
B cells 6 O. 1 re. ee 5 
14 10 14 15 16 9 
T celis 3 10 9 3% 1 5 
14 10 14 16 16 9 
T4/T8 A 0 2 2 0 2 
14 70 13 16 16 9 
NK cells 4 6 as 9 8 3 
10 7 i] 13 13 9 
Monocytes 12 1 5 at 10 7, 
44 8 13 15 15 9 


herrin Mmaa apinaa hah dina aana arms 


20-24 28-36 40-52 56-64 68-72 76-146 


7 6 5 4 5 3t 
7 6 5 4 5 3 
1 4 2 2 0 2 
7 6 5 4 5 3 
O 0 O A 1 0 
6 6 5 4 4 3 
5 4 3 0 2 2 
7 6 5 4 5 4 
5 6 4 4 4 3 
6 6 5 4 4 4 


secrinteab ehh a 


rt e ee 
Normal numbers of cells were as follows: 5% to 10% PBMCs reactive with anti-B 1, anti-B2, or anti-B4 (B ceils}: 60% to 75% PBMCs reactive with 
anti-T3 and/or anti-T 11 {T cells); 10% PBMCs reactive with anti-301 or anti-NH, (NK cells); 10% to 15% PBMCs reactive with anti-Mo2 (monocytes). 


Normal T4:T8 ratio is 1.5 to 2.5. 


tTwo of the three patients have been repeatedly tested during this interval. 


Immunologic Engraftment 
Phenotypic Analysis 


A panel of MoAbs directed at B and T cells, monocytes, 
and natural killer (NK) cells (Table 1) was utilized in an 
indirect immunofluorescence assay to monitor the phenotype 
of PBMCs as bone marrow engraftment and reconstitution 
of peripheral blood leukocytes proceeded (Table 2). 

B cells. Normal numbers of B lymphocytes, as reflected 
by reactivity with anti-B], anti-B2, and/or anti-B4 MoAbs, 
were present in six of 14 patients examined before transplan- 
tation. Cells bearing these antigens were totally absent in ten 
patients at two weeks and present in only one of 14 patients at 
three weeks post-ABMT. At one month post-ABMT, 27% 
(four of 15) patients had normal B cells: two of these patients 
had multiply relapsed lymphoma, and two patients were less 
heavily pretreated since they were transplanted earlier in the 
course of their disease. By eight to 16 weeks posttransplant, 
approximately 50% of patients demonstrated normal per- 
centages of BI*, B2*, and/or B4* cells, and at =20 weeks 
post-ABMT all patients studied had normal numbers of B 
lymphocytes. 

T ceils. Total T cells were enumerated by reactivity with 
anti-T3 and/or anti-T11 MoAbs. Only 21% (three of 14) 
patients had normal numbers of T cells prior to ABMT. 
Within two to four weeks of reinfusion, = 60% of the mono- 
nuclear cells expressed T3 and/or T11. Many of the T11* or 
T3* cells noted early after transplant are large granular 


lymphocytes that co-express cell surface NKH1. As B cells 
and monocytes reappear and increase in number beginning 
at three to four weeks post-ABMT, the percentage of THL? 
cells decreases. The T4:T8 ratio (normal 1.5 to 2.5) remains 
abnormal in some patients beyond one year post-ABMT due 
to both a decrease in T4* helper/inducer cells as well as an 
increase in T8? cytotoxic/suppressor cells. 

NK cells. Natural killer (NK) cells, which express the 
NKHI antigen, were = 10% PBMCs in only 40% (four of 11) 
of patients examined prior to ABMT. However, within the 
first month following ABMT, the overwhelming majority of 
patients had increased numbers of cells (up to one third of 
PBMCs) expressing the NK phenotype. In some cases this 
increased percentage of cells with NK cell phenotype per- 
sisted to one year posttransplant. 

Monocytes. Monocytes (Mo2*) composed 215% 
PBMCs in 86% of patients tested prior to transplant, in five 
of 13 patients at three weeks post-ABMT, and in =2/3 of 
patients tested beyond one month following ABMT. 


Functional Analyses 


B cell proliferation. B cell-enriched populations were 
obtained at various intervals post-ABMT and examined for 
their responsiveness to anti-u, a known B cell specific 
mitogen (Table 3). Two of four patients tested prior to 
transplant demonstrated significant proliferation jstimula- 
tion index (SI) =2.0] to anti-u bound to polyacrylamide 


Tabie 3. B Cell Stimulation® 


amrdan nAAL AA MAA a ry yaa Da naaa amana tt 


No. Patients Responding/ No. Patients Tested 





aganapananunany aaya 


Weeks Posttranspiant 





NAA Aa Ap dhl DOA Nee ADM AS 





Response Pre 0-4 4-8 12-1164 
Stimulation Index to 2 (0.9- 12.9) O (0.99-1.17) O (0.88-1.16) _9t (1.51-12.2) 
anti-u = 2 (range) 4 9 8 10 





Mee amanarmnrryminnAanp ry acaver raada wash ninna LA A ota ANNA Ml 


*B cell-enriched populations were suspended at 5 x 10° cells/mL in RPMI/ 10% fetal calf serum, and 100-ul. aliquots were dispensed in 96-well 
round-bottomed tissue culture plates. Cells were cultured in the presence of either rabbit anti-u chain-conjugated polyacrylamide beads (30 ug/ml. 
wt/vol) or media. Cultures were pulsed 48 hours later with tritiated thymidine ([7H]TdR) and harvested and counted 15 hours later. Counts per minute of 
34-TdR in cultures with media alone were as follows: pre, 161-500: zero to four weeks, 320-947; four to eight weeks, 413-1126: and 12 to 116 
weeks, 192-877. 
+Five patients were repeatedly tested during this time interval. 


600 


beads. Of nine and eight patients tested at zero to four and 
four to eight weeks post-ABMT respectively, none demon- 
strated significant proliferation. By 12 to 116 weeks post- 
ABMT, B cells from nine of ten patients again proliferated to 
anti-u. 

Serum immunoglobulin (1g) levels. Serum IgG, IgA, 
and IgM levels were normal in the majority of patients tested 
prior to and at four weeks post-ABMT (26/13 and =6/10 
patients, respectively) (Table 4). By eight to 20 weeks 
post-ABMT, a minority of patients had normal Ig levels. At 
24 to 52 weeks post-ABMT, =50% of patients had reconsti- 
tuted normal serum Ig levels, and nearly all patients tested 
one year post-ABMT had normal levels of IgG, IgA, and 
IgM. 

T cell proliferation. PBMCs were cultured in the pres- 
ence of mitogens, antigens, or growth factors known to 
trigger T lymphocyte proliferation. Responses were consid- 
ered to be positive if the proliferation to a given T cell 
stimulus was =40% of the increment noted in a normal 
donor's cells cultured under identical conditions. As can be 
seen in Table 5, approximately 50% of patients examined 
prior to transplant responded to phytohemagglutinin (PHA) 
or concanavalin A (Con A). Responses to either mitogen 
were absent for a two-month period post-ABMT. In four of 
ten patients tested at 12 to 116 weeks posttransplant, T cell 
responses were again noted to either mitogen. Antigen- 
specific assays for the stimulation of T cell proliferation 
included mumps, tetanus toxoid, and Candida albicans. As 
was true for both PHA and Con A, only 50% of patients 
examined prior to ABMT responded to these antigens. 
Within the first month posttransplant, residual responsive- 
ness was noted in 22% to 44% of patients tested. However, 
responses were largely absent by the second month posttrans- 


responded to these antigens. 

T cell growth factor containing medium (TCGF-CM) 
obtained by stimulating PBMCs with PHA, phorbal myris- 
tate acetate, and irradiated allogeneic (Laz 388) cells was 
also utilized to stimulate the proliferation of patients’ 
PBMCs obtained at various intervals post-ABMT. The 
majority of patients responded to TCGF-CM both before 
and within the first four weeks after transplantation. 
Although only two of seven patients’ cells responded to 
TCGF-CM in the second month posttransplant, the majority 
(70%) of patients again were responsive at 12 to 116 weeks. 
For allogeneic mixed-lymphocyte reactions (MLR), EBV- 


Tabie 4. Serum immunoglobulin Levels 


AnDi herent ina anaana aap aa eaaa aa Aeterna em 


Atiina nmana pamm anhi a irar 


Weeks Posttranspiant 





immunoglobulin TESSE a Se Ee Re La EE AE ET LOCO 
isotype Pre 4 & 12 16 20 24 28-36 40-52 56-90 
WG 8742 423 5 2 3 

13 10 13 7 11 6 6 8B 4 4 

IgA wie oe 89 5 4 3 4 2 4 
13 10 73 7 Ti 6 6 8 4 4 

iM 6632 323 5 3 3 
13.70 13 7 11 6 6 8 4 4 


nan 


*Normal serum levels of IgG, igA, and IgM were 800 ia 1800 mg/dL, 
90 to 450 mg/dL, and 60 to 280 mg/dL respectively. 
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Table 5. T Cell Proliferation 


Tt At RELA LLL CALA AE RAS ROT RA HHO tr BATE EI ADI HAMA tt he Ry tet i aA AA 


AE rect ier are RUE oe Hi Po Ea AA A 


Weeks Posttranspiant 


mesiana NALA MEAN AAG ACH OMRON Beh 





Stimulus Pre 0-4 4-8 12-716 
Phytohemagglutinin 1:5 or 1:10 3 4 0 4 
8 9 $ 10 
Concanavalin A 1:20 or 1:40 4 1 Q 4 
8 9 7 10 
Mumps 1:20 4 2 g E 
8 9 7 10 
Tetanus Toxoid 1:10 4 4 Q -2 
8 9 7 10 
Candida albicans 1:50 4 4 3 ie 
8 9 7 10 
TCGF-CMt Se 8 a Ff 
8 9 7 10 
Laz 388} 6 7 4 8 
8 9 7 10 








*The increment in °H thymidine uptake by cells cultured with stimulus 
compared to cells cultured in media alone was calculated. A patient was 
judged ta have demonstrated a response if the increment was =40% of 
the increase in proliferation noted in cells obtained from a normal donor 
cultured with the same stimulus under identical conditions. 

tT cell growth factor-containing medium was obtained by stimulating 
unfractionated peripheral biood mononuclear cells with chytohemagglu- 
tinin, phorbal myristate acetate, and wradiated allogeneic (Laz 388} 
cells. 

tEpstein-Barr virus (EBV)-transformed Laz 388 cells were irradiated 
and cultured with equal numbers of patient peripheral blood mononuclear 
ceils. 





transformed Laz 388 cells were irradiated and cultured with 
equal numbers of patients’ PBMCs. As was true for cultures 
with TCGF-CM, the majority of patients’ PBMCs examined 
before and in the first month after transplant proliferated in 
MLR. Responsiveness of PBMCs to allogeneic Laz 388 cells 
was present in 57% and 80% of patients tested at four to eight 
weeks and at 12 weeks posttransplant respectively, 

We next examined whether proliferation of cells to the 
combination of TCGF-CM + PHA was enhanced (=1.5- 
fold) relative to that noted to either TCGF-CM or PHA 
alone (Table 6). The majority (= 88%) of patients tested both 
before and at = 12 weeks post-ABMT demonstrated prolifer- 


Tabie 6. T Cell Proiliferation* 








No. Patients Responding/No. Patients Tested 


entity Nt AAAA AA tet rA a A ener a fant arare eed nena yee penne aa 


Weeks Posttranspiant 





Patient Response Fre 0-4 4-8 12-1 16 
TCGF + PHA = 1.5 7 3 4 9 
PHA d 8 9 7 10 
TCGF + PHA = 1.5 8 3 4 _3 
TCGF-CM 8 g 7 76 
Laz 388 + TCGF = 1.5 7 4 6 9 
TCGF-CM 3 9 Fi 10 
Laz 388 + TCGF =z 1.5 7 7 4 7 
Laz 388 8 9 7 10 


AA Ardisia Ananda 


*20 ul of T cell growth factor containing media {TCGF-CM} was 
added to welis already containing patient cells and/or media, phytohe- 
magglutinin (PHA), or Laz 388 celis. The addition of TCGF-CM to PHA or 
Laz 388 was judged to significantly enhance proliferation if it increased 
proliferation by 50% compared to the proliferation noted to PHA or Laz 
388 atone. 


HEMATOLOGIC AND IMMUNE RECOVERY POSTTRANSPLANT 


ation to TCGF-CM + PHA: proliferation to PHA ratio 
>1.5. In contrast, within the first two months posttransplant 
<50% of patients manifested a greater response to TCGF- 
CM + PHA than to PHA alone. All eight patients examined 
prior to transplant had significantly increased proliferation 
to TCGF-CM + PHA relative to TCGF-CM alone. How- 
ever, the addition of PHA to TCGF-CM did not significantly 
increase proliferation relative to that noted to TCGF-CM 
alone in the majority of patients examined up to 116 weeks 
posttransplant. 

In a similar fashion we tested whether patients’ PBMCs 
proliferated to a greater extent to TCGF-CM + allogeneic 
(Laz 388) cells than to either of these stimuli alone. Nearly 
all patients tested before and at =12 weeks posttransplant 
(seven of eight and nine of ten patients respectively) demon- 
strated increased proliferation to Laz 388 cells + TCGF- 
CM compared to TCGF-CM alone. Similarly, most (270%) 
patients examined before and at =12 weeks posttransplant 
augmented proliferation to Laz 388 cells + TCGF-CM 
compared to Laz 388 cells alone. At one and two months 
posttransplant, 44% to 77% of patients also proliferated to a 
greater extent to the combination of TCGF-CM + Laz 388 
cells than to either stimulus alone. 

Natural killer cell function. Cytotoxicity assays were 
performed using effector cell (patient’s PBMCs): target cells 
(K 562 chronic myelogenous leukemia) ratios of 7.5 to 60:1. 
Significant killing was evidenced by >5% of maximal 
chromium release from radiolabeled target cells. As can be 
seen in Table 7, all six patients tested prior to transplantation 
demonstrated natural killer (NK) cell function. Early (zero 
to four weeks) after transplant cytotoxicity was noted in 
seven of 11 patients tested. All patients tested at four to eight 
weeks and =12 weeks (seven and nine patients respectively) 
post-ABMT had normal NK cell function. In each case 
maximal killing was seen at effector: target ratios of 60:1. 

Natural killer cell killing against autologous tumor cells 
was examined in a single patient at one-month post-ABMT. 
Twenty-two percent of the patient’s PBMCs were NK cells 
by virtue of staining with ant? NKHI MoAb at this time. 
Cryopreserved tumor cells were radiolabeled with *'chromi- 
um, and 19% maximal *'chromium release was noted at 
patient’s PBMCs (effector):cryopreserved autologous tumor 
cell (target) ratios of 20 to 40:1. 


DISCUSSION 


In the present report we have examined both hematologic 
engraftment and immunologic reconstitution in recipients of 
autologous bone marrow purged with anti-B] MoAb and 
complement. Hematologic engraftment was prompt with 
return of =0.5 x 10°/uL granulocytes and =2 x 10°/uL 
platelets at a median of 26 and 29 days posttransplant, 
respectively. Virtually all blood product support was 
complete by eight weeks posttransplant. In contrast to hema- 
tologic engraftment, immunologic reconstitution was pro- 
longed. As expected, anti-B] and complement marrow treat- 
ment completely eradicated detectable B cells as well as 
totally abrogating normal B cell function in vitro and in vivo. 
Norma! numbers of circulating B cells consistently returned 
by five months post-ABMT, whereas return of immunoglo- 
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asmssrasevinsrere Sveti aana Hla A Asa aa 


Table 7. Naturat Killer Cell Function 


No. Patients Demonstrating Cytotoxicity* /No. Patients Tested 


Warmer ban yp mnan inann VS reed nt maar 


Weeks Posttransplant 


pmrsurmarrasrrshkonrereren br ir rayvan aa ANAM RON 


Pre 0-4 4-8 








17-116 
6 af 7 3 
6 11 7 9 


Avana mien e bly gin manana 


* Assays were performed at effector:target ratios of 7.5 to 60:1 using 
5,000 K562 target cells/well. Greater than 5% maximal chromium 
release was judged as significant killing of target ceils. 








bulins in some patients did not occur for one year. Concomi- 
tant with the appearance of normal numbers of circulating B 
cells was the return of in vitro responses of B cells to triggers 
of activation (anti-u). Although normal numbers of T cells 
were evident within the first several months post-AMBT, a 
reversed T4:T8 ratio persisted in some patients indefinitely 
(up to three years). Moreover, in vitro responses to T cell 
mitogens and specific antigens were again not normalized for 
at least three months. Phenotypically and functionally 
defined NK cells appear to have a relative growth advantage 
early after transplant. These studies demonstrate that anti- 
Bl purged autologous bone marrow can result in complete 
hematologic and immunologic engraftment, although T and 
B cell engraftment appears to be prolonged. Most impor- 
tantly, the time to hematologic and immunologic engraft- 
ment has not been associated with any significant acute or 
chronic clinical toxicities. 

Overt or occult bone marrow involvement is very common 
at the time of relapse of NHL, regardless of the initial 
histology, * and it therefore seemed important to develop 
methods to eradicate tumor cells from the marrow. We have 
attempted to purge tumor cells from the marrow using the 
pan-B cell MoAb anti-B! and complement. To date, all 
patients have responded to the ablative therapy with a 
complete response and no acute toxicity, all have engrafted 
hematologically, and all were discharged from the hospital. 
Our patients achieved 20.5 x 10° granulocytes/ul at a 
median of 26 (range 12 to 45) days post-ABMT, which is not 
significantly prolonged when compared to previous reports 
for nonpurged or pharmacologically purged autologous mar- 
row. !!!418 These results are slightly delayed when com- 
pared to recipients of syngeneic’ or allogeneic” marrow 
grafts, but it is important to note that autologous marrow in 
most instances had seen significant prior cytotoxic therapy. 
Moreover, although most patients developed fever during 


2) or fungal (n = 1) septic infections were noted in our series 
compared to previously reported trials. Stable nontransfused 
platelet counts of at least 2 x 10°/uL were attained at a 
median of 29 (range 14 to 137) days in our series compared 
to recipients of syngeneic marrow who no longer required 
platelets at a median of 16 (range nine to 45) days’ or to 
recipients of allogeneic and autologous transplants who 
achieved sustained untransfused platelet counts of 5 x 
10*/ub at a median of 20 to 34 days respectively.“ +" In 
our series, 80% of platelets were transfused in the first 
month, 19.5% in the second month, and only 0.5% beyond 
eight weeks. There was not a single episode of clinically 
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significant bleeding. These results suggest that hematologic 
engraftment following anti-B1 purging is delayed but has not 
led to significant acute clinical toxicities. 

The question of whether anti-B! purging will become a 
more generalized treatment modality for patients with NHL 
will depend on the answers to two questions: first, and most 
important, is whether this purging technique can effectively 
deplete the clonogenic tumor cell; and second is whether the 
marrow purging affects engraftment sufficiently to produce 
clinical toxicity. The first question is still unanswered. Our 
results suggest that purging does not appear to produce 
significant clinical toxicity, which is surprising considering 
(1) the time to B and T cell engraftment observed in this 
study, and (2) the fact that many of our patients had 
abnormal numbers of B and T cells, NK cells, and T4:T8 
ratio pretransplant attributable to their underlying disease 
and its chemotherapeutic treatment“ as well as to multiple 
transfusions.” Less than 50% of recipients of anti-B! purged 
autologous bone marrow have normal numbers of B cells 
either pretransplant or within the first two months post- 
AMBT, but all patients examined at => 20 weeks post-ABMT 
have achieved normal numbers of phenotypically identified 
B cells. Fifty percent and 100% of our patients examined at 
=Six months and one year post-ABMT, respectively, 
achieved normal serum Ig levels, confirming the return of in 
vivo B cell function. Moreover, in vitro examination of B cells 
at 212 weeks post anti-B! marrow purging also confirmed 
normal B cell responses to triggers of activation. Since the BI 
antigen is expressed on 50% of pre-B cells in the marrow” 
and on virtually all mature B cells excluding the plasma 
cell," the delayed time to B cell engraftment in our 
patients suggests that many pre-B cells and most mature B 
cells have been eradicated by the in vitro purging and the in 
vivo ablative therapy. The present data do not permit us to 
determine whether the time to B cell engraftment is simply 
due to repopulation of B cell progenitors or whether it is also 
due to the defects in T cell reconstitution. Future studies of B 
cell reconstitution in the bone marrow may provide insight 
into this question. 

Although return to normal B cell function in vivo requires 
approximately six months, it is important to note that 
infections associated with agammaglobulinemia have not 
been seen post-ABMT. B cell phenotype and function have 
been examined postallogeneic transplantation therapy for 
leukemia’, however, there have been few studies detailing 
B cell reconstitution postsyngeneic™ or post-ABMT for 
leukemia“! and no similar studies post-ABMT for lym- 
phoma. It is therefore difficult to determine whether B cell 
engraftment in our hands is significantly prolonged. More- 
over, it is not possible to compare B cell engraftment 
post-ABMT with that noted after allogeneic transplant 
because of the immune disregulation of graft-v-host disease 
(GVHD) and prolonged immune suppression by drugs in the 
majority of allogeneic studies as well as the immune defects 
following T cell depletion in more recent studies in recipients 
of allogeneic transplants. We have studied one patient who 
underwent an identical twin transplant for relapsed B cell 
lymphoma. In this case B cells returned between six and 
eight weeks and normal Ig levels were present by four 
months. This suggests that anti-B] purging does prolong 
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engraftment, although it is important to note that the 
autologous bone marrow had seen significant prior cytotoxic 
therapy Further studies of B cell reconstitution post-ABMT 
in patients who receive nonpurged marrows will be necessary 
to determine whether anti-B! MoAb and complement treat- 
ment significantly impairs B cell function. 

Whereas B cell immunosuppression did not result in 
clinical -oxicity, T cell immunosuppression appears to result 
in increesed episodes of Herpes Zoster. In our series approxi- 
mately one third of patients who are disease free at >six 
months aave developed Zoster without a significant increase 
in other viral or fungal infections. Other investigators have 
noted interstitial pneumonitis and cytomegalovirus (CMV) 
infections in recipients of nonpurged autologous grafts that 
we have not observed to date.’ These specific immune 
defects in our patients are thus far unresolved. Although 
normal numbers of T cells were observed by two months 
post-ABMT, reversed T4:TS8 ratio persists for most patients 
past one year. These phenotypic abnormalities correlated 
with abnormal T cell responses to mitogens and antigens in 
vitro. Responsiveness of T cells to mitogens was largely 
absent ia all patients within the first two months and was 
present m <50% at 12 to 116 weeks post-ABMT, reflecting a 
relative decrease in T4* cells. In contrast, responsiveness to 
either TG F-CM or allogeneic cells was noted in the major- 
ity of patients at =12 weeks post-ABMT. It is interesting to 
note tha: the addition of TCGF-CM to cells stimulated with 
PHA-LCM or allogeneic cells led to greater proliferation 
than the proliferation induced by either stimulus alone. This 
suggests that there may be a relative excess of activated T 
cells expressing TCGF receptors but that there may be a 
deficiency of interleukin 2 (IL 2) post-ABMT. A relative 
deficiency of IL 2 has been previously reported early follow- 
ing allogeneic transplant.“ Since the provision of external 
IL 2 con-aining media led to augmentation of T cell prolifer- 
ation, these T8* cells appear to respond in a normal fashion 
to TCGF. Again these T cell defects observed in vitro do not 
convert into significant clinical toxicities. 

it is O° great interest to note that 10% to 15% of PBMCs 
during the first three weeks post-ABMT express the NKH] 
antigen. These cells have both the phenotypic and functional 
characteristics of NK cells. Large numbers of these cells 
(210% marrow PBMCs) are infused in the graft and may 
have a szlective growth advantage early following ABMT. 
Previous studies have demonstrated that several NKH1 
positive clones isolated from a patient post-allogeneic trans- 
plant had demonstrated marked NK activity not only against 
K562 but also against cryopreserved autologous tumor 
cells. The demonstration of in vitro cytotoxicity of these 
NK cells noted post-B1 purging against cryopreserved tumor 
cells further suggests that these cells may have an in vivo role 
in killing small numbers of residual tumor cells within the 
host. De ineation of this antitumor effect of NK cells post- 
ABMT coupled with definition of the factors regulating 
growth cf these cells may offer important insights into the 
treatmert of human tumors. 

Our studies suggest that purging autologous bone marrow 
with anti-B]! MoAb and complement does not inhibit hema- 
tologic end immunologic engraftment post-ABMT. More 
importantly, minimal acute and chronic clinical toxicities are 
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observed following this treatment modality. The next step in 
these studies is to improve in vitro ablation by first using 
multiple antibodies and then comparing complement- 
mediated lysis to other forms of in vitro ablation. With each 
of these future studies we must carefully examine not only 
the in vitro tumor ablation but also the effects of hematologic 
and immunologic engraftment. Moreover, it is hoped that a 
better understanding of the growth and regulation of B and T 
cells will permit us to modulate their growth in vivo and 
thereby to hasten engraftment. 
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Association Between Gelatinase Release and Increased Plasma Membrane 
Expression of the Mol Glycoprotein 


By Pamela R. Petrequin, Robert F. Todd HI, Larry J. Devall, Laurence A. Boxer, and John T. Curnutte IH 


Mo1, a glycoprotein heterodimer (gp 155,95) that functions 
as an adhesion promoting molecule and as the C3bi recep- 
tor of human myeloid cells, is expressed in increased 
amounts in the plasma membrane after exposure of poly- 
morphonuclear leukocytes (PMNs) to various stimuli. Pre- 
vious studies have suggested that secondary granules 
represent an intracellular pool of Mo1 that, upon degranu- 
lation, fuse with the plasma membrane resulting in a 
tenfold increase in surface expression of Mol. To deter- 
mine the intracellular location of Mo1, we monitored Mo1 
expression by immunofluorescence and compared it to the 
release of myeloperoxidase (MPO, a marker for the pri- 
mary granules), vitamin B,, binding protein (B,,BP, second- 
ary granules), and gelatinase (gelatinase-containing or- 
ganelles) following exposure to various stimuli. Human 
neutrophils stimulated with 20 mmol/L fluoride for 16 


HE SURFACE of human myeloid cells contains a 

glycoprotein, Mol, a heterodimeric glycoprotein with 
subunit molecular weights of 155 kD and 94 kD.’ Mol, 
which is equivalent to glycoproteins termed elsewhere as 
OKM1? and Mac~l.? serves as the receptor for C3bi- 
opsonized particles.** In addition, the Mol glycoprotein also 
plays a role in various aspects of cellular adhesion such as 
adherence, spreading, chemotaxis,’ and PMN aggregation. 
Upon exposure to various degranulating stimuli, the surface 
expression of Mol increases by up to tenfold, as determined 
by immunofluorescence,”'' enhanced C3bi receptor activi- 
ty? and PMN aggregation. This up-regulation of Mol 
appears to be due to the translocation of a large intracellular 
pool of the glycoprotein to the cell surface.”’* Evidence for 
this intracellular location is twofold. First, permeabilized 
PMNs stained with a fluorescent monoclonal antibody 
(MoAb) directed against Mol show a diffuse granular 
fluorescence pattern.’ Second, subcellular fractionation 
studies show Mol to be present in the fraction enriched for 
secondary granules as well as in the membrane fraction.”!°” 
On the basis of these data it has been postulated that 
degranulation in PMNs results in the translocation of the 
secondary granule-associated Mol to the plasma membrane, 
where it is then detected in increased amounts.” 

While the above data support a secondary granule location 
for the intracellular pool of Mol, several lines of experimen- 
tal evidence suggest that this glycoprotein might be con- 
tained in yet another intracellular compartment. First, the 
surface expression of Mol increases under conditions in 
which primary and secondary granules are not released, such 
as incubating cells in suspension at 37° C.'*'*"* Second, a 
population of “granules” has recently been described, the 
gelatinase-containing organelles, that do exhibit this type of 
lability when incubated at 37° C. Using gelatinase release 
to monitor these organelles, Dewald et al demonstrated that 
the gelatinase-containing organelles fuse with the membrane 
during warming of PMNs as well as during exposure to low 
(chemotactic) concentrations of FMLP.’* These experimen- 
tal conditions caused little, if any, release of primary or 
secondary granule contents.'*’* Third, secondary granules 
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minutes exhibited a twofold increase in Mol expression 
and gelatinase release but no enhanced release of primary 
or secondary granular contents. In a similar fashion, incu- 
bation of cells at 37° C for five minutes with 7.5 x 10° to 
10° mol/L N-formyl-methionyl-leucyl-phenylalanine 
(FMLP) resulted in significant increases in both surface 
Mo1 expression (three- to fivefold) and gelatinase release 
(five- to eightfold) without significant release of either 
MPO or B,,BP. In addition, both the fluoride and FMLP 
experiments demonstrated that Mo1 up-modulation alone 
is not sufficient to activate superoxide (O, } production. 
These data indicate that at least one intracellular storage 
pool of Mo1 is the gelatinase-containing organelles and 
that their fusion with the plasma membrane results in 
increased expression of Mo1 on the cell surface. 

© 1987 by Grune & Stratton, inc. 


and gelatinase-containing organelles have nearly identical 
densities and are therefore difficult to resolve from each 
other except under fractionation conditions where sedimen- 
tation velocity is used.' Under the conditions used in the 
previous reports of Mol subcellular localization, the second- 
ary granule fraction was probably contaminated with gelati- 
nase-containing organelles, since the fractionation technique 
involved density separation.”'° Taken together, these obser- 
vations raise the possibility that Mol may reside in the 
gelatinase-containing organelles. 

To test this possibility, Mol surface expression under a 
variety of conditions was compared to the extracellular 
release of the contents of primary and secondary granules as 
well as the gelatinase-containing organelles. Two stimuli 
were employed, fluoride and FMLP. Fluoride has been 
previously shown to stimulate the respiratory burst in neutro- 
phils without the concomitant release of markers of either 
primary granules (myeloperoxidase, 8-glucuronidase, lyso- 
zyme) or secondary granules (lysozyme, vitamin B,, binding 
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protein [B,,BP]).'*’’ FMLP at low concentrations causes 
substantial release of gelatinase with minimal release of 
primary and secondary granule contents.'*'* The results 
reported here indicate that both of these stimuli cause 
substantial Mol expression and that this is correlated with 
release of gelatinase but not markers for the primary and 
secondary granules. 


MATERIALS AND METHODS 


Chemicals. Sodium fluoride, sodium chloride, and dimethyl 
sulfoxide (DMSO) were purchased from Fisher Scientific, Fairlawn, 
NJ. “H-acetic anhydride and (°’Co)-vitamin B,) (90 epm/pg) were 
purchased from Amersham, Arlington Heights, IL. lonophore 
A23187 (Calbiochem, LaJolla. CA), FMLP (Calbiochem), and 
cytochalasin B (Sigma, St. Louis) were dissolved in DMSO and then 
added to aqueous solutions with vigorous mixing. All other reagents 
were purchased from Sigma, St. Louis, unless otherwise stated. 

Monoclonal antibodies. Cell surface antigens were monitored 
by indirect immunofluorescence analysis using monoclonal anti- 
bodies (MoAbs) from mouse ascites specific for Mol (IgG-2a 
subclass)’; 8-2 microglobulin (IgG-2b subclass), a gift of Dr Lee 
Nadler, Boston’; and la (IgG-2a subclass).”° 

Cell preparation. Suspensions of PMNs were prepared from 
acid citrate dextrose-treated blood by a previously reported proce- 
dure.” Except for the step of sedimentation in dextran that was 
performed at room temperature, cells were kept at 4° C throughout 
the preparation. 

Cell stimulation. For FMLP and A23187 stimulation, cells 
were diluted to 2 x 10° cells/mL in phosphate buffered saline 
(PBS)* (138 mmol/L NaCl. 2.7 mmol/L KCl, 8.1 mmol/L 
Na,HPO,, 1.5 mmol/L KH,PQ,, 0.9 mmol/L CaCl,, 0.5 mmol/L 
MegCl,, and 7.2 mmol/L glucose, pH 7.4) and prewarmed to 37° C. 
Cells were incubated for five minutes at 37°C with either FMLP 
(concentrations ranging from 10°° to 107° mol/L) or A23187 (10° 
mol/L). Cytochalasin B (10 pmol/L) was added to some control 
reaction mixtures to induce maximal degranulation. The total 
concentration of DMSO (the solvent for cytochalasin B and FMLP) 
never exceeded 2.5 uL/mL and had no effect on O,” production. 
After incubation, reaction mixtures were transferred to an ice bath 
and then centrifuged at 600 g for five minutes at 4° C. The cells in 
the pellets were used for Mol analysis and for determination of total 
enzyme content, while the supernates were used for measurements of 
enzyme release. For fluoride stimulation, a modified PBS (PBS’) 
was used so that the final salt concentrations would be physiologic 
after 20 mmol/L NaF (final concentration) was added.'® The 
nonstimulated cells in PBS’ received 20 mmol/L NaCl to restore 
isotonicity. During fluoride stimulation, cells were incubated for up 
to 17 minutes at 37° C with the samples taken at various times and 
treated as described above for FMLP stimulated cells. 

Measurements of Oy production. Superoxide dismutase-inhib- 
itable cytochrome c reduction was used to measure O,” as previously 
reported’? except that the cytochrome c concentration was 150 
umol/L. Cells were prewarmed to 37°C for two minutes prior to 
stimulation and were used at a final concentration of 2 x 10° 
cells/mL ina final volume of 1.9 mL. Cytochrome c was not limiting 
as the maximum amount of O,” produced was 100.0 + 6.5 nmol 
(mean + SD), which was less than the 150 nmol available for 
reduction in the reaction mixture. 

Immunofiuorescent analysis of membrane antigens. Indirect 
immunofluorescence of Mol and 8-2 microglobulin was measured 
by flow cytometry as described by Todd et al.” The channel number 
(log scale) representing the mean fluorescence intensity of 5,000 
cells, which had been exposed to either an experimental or a negative 
control antibody (anti-la) and then to a fluorescein-conjugated goat 


PETREQUIN ET AL 


antimouse immunoglobulin, was determined. Logarithmic channel 
numbers were converted to linear values,” and the specific mean 
fluorescence intensity for cells stained by experimental antibodies 
was calculated by subtracting the mean channel number of cells 
exposed to the negative control antibody from that of cells stained by 
the experimental antibodies. To compare data from one experiment 
to another. the specific mean fluorescence of experimentally treated 
cells was compared in each experiment to that resulting from 
stimulation of neutrophils with 10°° mol/L A23187 in the presence 
of 10 umol/L cytochalasin B for five minutes at 37° C. a value that 
was defined as the maximum Mol expression. 

Granule marker analysis. B,,BP was measured by a previously 
reported modification'* of the method of Gottlieb et al.” MPO was 
measured by the method of Bretz and Baggiolini.** Lactic dehydro- 
genase (LDH) was measured as previously described” and was used 
as a measure of cellular integrity during stimulation. The extent of 
release of cach of these markers was expressed as the percent of total 
cellular activity present in the cell supernate following stimulation. 

Gelatinase activity was measured by the release of tritium counts 
from gelatin labeled with *H-acetic anhydride by the method of 
Dewald et al.” Before samples were assayed they were treated with 3 
mmol/L ¢i-isopropyiphosphorofiuoridate (DFP) to inhibit serine 
proteases.’ Gelatinase-dependent tritium release was defined as the 
difference between the total counts released by the extracellular 
medium samples and the counts released in the presence of buffer 
alone. Gelatin breakdown was found to be linear with substrate 
concentration from 20 to 100 ug/mL., time from 1.5 to 3.0 hours. and 
cell concentration from 5 x 10° to 5 x 10° cells/mL. In a typical 
assay containing substrate at a concentration of 20 ue/mL (total 
42,000 cpm) and supernates from cell suspensions (2 x 10° cells / 
mL.) incubated under various conditions, the following counts were 
released from gelatin: unstimulated cells at 4° C for five minutes, 90 
cpm/10° cells: 37° C for five minutes without stimulus. 360 cpm /10° 
cells; and 37°C for five minutes with 10°* mol/L A23187 and 10 
umol/L cytochalasin B, 1030 cpm/10° cells. The presence of an 
inhibitor ir the cytosol resulted in an inability to measure accurately 
the total activity in the intact cell.” Therefore, gelatinase release was 
expressed not as percent release as with the other markers but 
instead as the absolute amount of substrate degraded by the extra- 
cellular fluid derived from the incubation of a fixed number of cells. 
Maximum release was defined as the gelatinase activity present in 
the extracellular medium following stimulation of neutrophils with 
10%% mol/L A23187 and 10 umol/L cytochalasin B for five 
minutes, 


RESULTS 


In Fig | the effects of temperature and fluoride on Mol 
surface expression and gelatinase release are shown. The 
data are expressed as the percent of maximum response 
defined as that observed in the presence of A23187 and 
cytochalasin B. It can be seen that warming PMNs from 
4°C to 37°C resulted in a significant increase in both 
gelatinase release (1.8-fold) and surface Mol expression 
(1.8-fold) without concomitant release of MPO or BBP, 
markers for the primary and secondary granules, respec- 
tively. Subsequent stimulation of the prewarmed PMNs by 
fluoride caused a further increase in gelatinase release 
(1.85-fold) and in Mol expression (2.0-fold) above the 37° C 
control, again without release of primary or secondary 
granules. Control experiments showed no release of LDH 
(data not shown), indicating cellular integrity. In addition, 
BBP and MPO could readily be detected by our assay 
techniques when cells were exposed to A23187 and cytochal- 
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Fig 1. Fluoride stimulation of Mol expression and granule 
marker release. PMNs were incubated in 20 mmol/L fluoride and 
PBS’ for 15 minutes (NN) before Mo1 expression and enzyme 
release were measured. NaCl was added to unstimulated cells at 
4° C (W) and at 37° C (E23) to bring the PBS’ to isotonicity. The 
brackets indicate the SEM for six experiments. The maximum 
response was defined as the amount of activity measured after 
cells were incubated with 10°° mol/L A23187 and 10 umol/L 
cytochalasin B for five minutes. Average maximum values {+SEM) 
are as follows: gelatinase, 1028 + 295 cpm/10° cells; MoT, 130 + 
29 mean fluorescence units/cell (arbitrary units); B,,BP release, 
39% + 9.2% of total cell BBP; and MPO release, 53.5% + 4.5% of 


37° CvFl. {Difference is not significant for 37° Cv FI. 


asin B, indicating that failure to correlate fluoride-induced 
Mol expression with granule release was not due to adher- 
ence of the granule proteins to the cell surface. The levels of 
MPO and B,,BP released were substantial and not statisti- 
cally different from each other. 

Experiments were then performed to determine the time 
courses of Mol expression and gelatinase release following 
fluoride stimulation. In addition, O, production was mea- 
sured simultaneously to see if its activation was correlated 
temporally with either gelatinase release or Mol up-modula- 
tion. As shown in Fig 2, both Mol surface expression and 
gelatinase release rise concomitantly, beginning as early as 
three minutes after the addition of fluoride and continuing 
through the entire 16-minute incubation. In contrast, there 
was no significant release of B,,BP and MPO under these 
conditions. Superoxide production did not correlate with 
either Mol expression or gelatinase release, as it began 
substantially later after its characteristic nine-minute lag 
period.'*'’ Thus the appearance of Mol on the cell surface 
and the release of gelatinase were closely correlated in time 
and appeared to occur independently of O,” production and 
the release of primary and secondary granules. 

Since Dewald et al have previously reported that chemo- 
tactic concentrations of FMLP (107° to 107° mol/L) cause 
significant gelatinase release with minimal release of B BP 
and MPO," the effect of FMLP on Mol surface expression 
was next determined. Figure 3 shows the effect of various 
concentrations of FMLP on the expression of Mol and the 
release of gelatinase. Increases in cell surface Mol and 
gelatinase release occurred in parallel at all concentrations of 
the stimulus except at the lowest concentration of FMLP 
where the level of sensitivity of the gelatinase assay was 
limiting and little or no gelatinase activity could be detected. 
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Fig2. Time course of Mol expression, superoxide production, 
and release of gelatinase, BBP, and MPO following fluoride 
stimulation. Mo1 expression (W), gelatinase release (@}, O, pro- 
duction (A), BBP release (O). and MPO release (D). were 
measured at various times after fluoride (20 mmol/L) had been 
added to 2 x 10° PMNs/mi at O minutes. The data from four 
experiments are expressed as percentage of maximum response 
(cells exposed at 10°* mol/L A23187 and 10 umol/L cytochalasin 
B for five minutes) + SEM. The values for the unstimulated control 
did not change during the course of the incubation and were 
subtracted from the fluoride measurements. The maximum 
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Fig 3. The effect of FMLP concentration on Mol expression, 
0,” production, and release of gelatinase, B,,BP, and MPO. Sepa- 
rate aliquots of PMNs at 2 x 10° cells/ml were exposed to 
different concentrations of FMLP (10°° to 10°° mol/L} for five 
minutes at 37° C and assayed for Mo1 expression, O, production, 
and enzyme release as described in “Methods.” Activity in unstim- 
ulated cells incubated at 37° C for five minutes was subtracted 
from the values obtained with stimulated cells, The data from four 
experiments are expressed as the mean + SEM for: Mol expres- 
sion (W), in arbitrary mean fluorescence units; gelatinase release 
(@). in cpm/10° celis; O,” production (a), in nmol/min/ 10" celis; 
and for granule marker release [BBP (O) and MPO (0) in 
percentage of total cell activity. 
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At 10°" mol/L FMLP, Mol expression and gelatinase 
release were nearly maximal, while there was insignificant 
release of both B,,BP and MPO. Only at higher concentra- 
tions of FMLP (10°’ mol/L) was the release of primary or 
secondary granule contents observed. In all cases minimal 
LDH was released (data not shown). As with MPO and 
BBP release, higher concentrations of FMLP (greater than 
2.5 x 10°* mol/L) were required to activate O,~ production. 
Thus increases in the expression of Mol on the cell surface 
and the release of gelatinase were closely correlated at all 
concentrations of FMLP and could be dissociated from O,” 
production and from release of primary and secondary 
granules. 


DISCUSSION 


Our data suggest that human PMNs exhibit at least three 
levels of activation with respect to Mol expression and 
exocytosis. Upon intense stimulation (eg, with A23187 and 
cytochalasin B), substantial amounts of Mol are expressed 
on the cell surface while secondary granules, primary gran- 
ules, and gelatinase-containing organelles all release their 
contents into the extracellular medium. At the other 
extreme, in which the cells are in their basal or unstimulated 
state (defined experimentally as PMNs maintained at 4° C), 
only 10% as much Mol is expressed and little, if any, 
exocytosis occurs. An intermediate state of activation can 
also be identified, perhaps part of a continuum of the 
activation process, in which approximately 50% of the maxi- 
mal Mol is expressed on the cell surface and in which only 
the gelatinase-containing organelles undergo appreciable 
exocytosis. Stimuli such as fluoride and FMLP (at low 
concentrations) cause this intermediate level of activation 
and provide an experimental system for correlating Mol 
expression with exocytosis of gelatinase-containing or- 
ganelles. 

We provide here strong evidence that in the basal and 
intermediate levels of activation, Mol expression is not 
related to the release of primary or secondary granules. 
When maintained at 4° C, neutrophils express Mol without 
any ongoing exocytosis, indicating that there is a certain 
amount of Mol already present in the plasma membrane. 
With fluoride as a stimulus, Mol expression increases to 
approximately 50% of its maximum without any net increase 
in the release of B,,BP or MPO (Figs | and 2). These data 
are consistent with previous reports demonstrating absence 
of primary and secondary granule release in response to 
fluoride.'*'’ Similar results were obtained with FMLP at 
concentrations below 10°* mol/L where more than 50% of 
the Mol is expressed with less than 10% release of the 
primary and secondary granules.'’* Taken together these data 
indicate that the primary and secondary granules do not 
contain the intracellular reserves of Mol that are expressed 
in the intermediate state(s) of PMN activation. 

If this labile reserve pool of Mol is not located in the 
primary and secondary granules, where is it located? One 
possibility would be cryptic sites within the plasma mem- 
brane that are exposed following stimulation. This, however, 
does not appear to be the case based on two findings in 
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previous reports.”’’ The first observation was that the Mol 
antigen was found to be located predominantly in a second- 
ary grarule-containing fraction and present only in small 
amounts in the plasma membrane fraction. The second 
was that immunofluorescent staining of PMNs with the Mol 
antibody showed a granular intracellular staining pattern.” 
Based on these studies it would appear that the Mol reserve 
pool is located within the cell and not in the membrane. Two 
observat ons in the literature suggest that the gelatinase- 
containing organelles may be one major intracellular site. 
First, ge atinase-containing organelles have a density nearly 
identical to that of the secondary granules and would there- 
fore co-purify on density gradients with the secondary gran- 
ule fract on that reacts with Mol.”'®"*!> Second, the gelati- 
nase-containing organelles are quite labile and readily fuse 
with the plasma membrane upon warming or gentle stimula- 
tion, properties that are strikingly similar to the Mol expres- 
sion seen in the intermediate stages of activation. We now 
provide data showing a strong correlation between Mol 
expressicn and the fusion of gelatinase-containing organelles 
with the plasma membrane. With fluoride, the time course of 
Mol expression and gelatinase release closely parallel each 
other, while in the FMLP experiments, the dose-response 
curves for Mol and gelatinase are strikingly similar. In 
quantitative terms, fluoride causes the release of 60% of the 
releasable gelatinase, a value that agrees closely with the 
50% maximal Mol expression induced by this stimulus. A 
similar quantitative relationship is observed with FMLP. 
Thus the intermediate level of Mol expression occurs in the 
absence of primary and secondary granule release and 
strongly correlates with exocytosis of the gelatinase-contain- 
ing organelles. 

Since approximately 50% of the maximal Mol is 
expressed under conditions where roughly 50% of the maxi- 
mal gelatinase is released, it is tempting to speculate that the 
remaining Mol is also located in the gelatinase-containing 
organelles. Because of the lack of specificity of the gelatinase 
assay, however, the possibility that some Mol is located in 
the secondary granules cannot be excluded. The substrate 
employed in the gelatinase assay (derived from type I 
collagen) can be degraded by neutrophil collagenase” pres- 
ent in the secondary granules” as well as by elastase in the 
primary granules.’ Experimental conditions which result in 
maximum Mol expression (A23187 + cytochalasin B) also 
cause the release of substantial amounts of primary and 
secondary granule contents.” The collagenase and elastase 
thus released contribute to the total gelatinolytic activity and 
make it difficult to determine the contribution of the gelati- 
nase-containing organelles. Because of these technical limi- 
tations, the most that can be concluded from the data is that 
at least £0% of the Mol that is eventually expressed is 
contained in the gelatinase-containing organelles. Whether 
the remaining 50% is localized to the same organelles or to 
the specinc granules can only be determined by direct 
measurements of Mol in subcellular fractions in which 
specific granules are resolved from the gelatinase-containing 
organelles. This, however, requires the sophisticated technol- 
ogy of rate zonal sedimentation. 

The possibility that at least some of the intracellular pool 
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of Mol is contained in the specific granules is supported by 
studies on a patient with specific granule deficiency.’ Mol 
expression in these experiments was determined by measur- 
ing the number of C3bi receptors on the cell surface. PMNs 
from the patient exhibited abnormal up-regulation of C3bi in 
response te stimulation, suggesting a specific granule loca- 
tion for at least part of the Mol. Whether the gelatinase- 
containing organelles in this patient were also abnormal, 
however, was not reported. 

Mol expression does not appear to be sufficient to activate 
O, generation. In both the fluoride and FMLP experiments, 
substantial amounts of Mol were expressed without concom- 
itant O,” generation. We cannot exclude the possibility, 
however, that Mol might still be necessary for respiratory 
burst activation, since we have not observed O,” production 
in the absence of Mol up-regulation. 

The localization of at least 50% of the intracellular Mol in 
the labile gelatinase-containing organelles may have physio- 
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logic relevance. During chemotaxis when PMNs are exposed 
to low concentrations of chemotactic agents like FMLP, 
gelatinase-containing organelles will fuse with the plasma 
membrane and cause increases in both the amount of Mol 
expressed on the cell surface and the amount of gelatinase in 
the extracellular medium. This increase in Mol would 
enhance PMN attachment to surfaces, a necessary step 
required for efficient chemotaxis of PMNs through tissues. 
The gelatinase could serve to partially degrade connective 
tissue that might impede the mobility of the PMNs. Finally, 
this early deployment of Mol would also eventually facilitate 
recognition and ingestion of microbes opsonized with C3bi, 
since it also functions as the C3bi receptor. 
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Gene Transfer to Primary Normal and Malignant Human Hemopoietic 
Progenitors Using Recombinant Retroviruses 


By Donna E. Hogge and R. Keith Humphries 


To study the feasibility of using retroviruses for gene 
transfer into human hemopoietic cells, various cell types 
were exposed to virus carrying the gene for neomycin 
resistance (neo’). In preliminary studies using K562 cells as 
targets, we found that high viral titer and co-cultivation 
with viral producer cells rather than incubation in medium 
exposed to viral producer cells were important variables 
for achieving high frequencies of G418 resistant (G418') 
colonies. The maximum frequency of G418' K562 colonies 
after co-cultivation with cells producing a neo’ virus titer of 
4 x 10° cfu/ml was 60%. When primary human progeni- 
tors from normal marrow, fetal liver, or chronic 
myelogenous leukemia blood were exposed to high titer 


HE DELIVERY of exogenous genetic material into 
various target cells is important for many experimental 
and clinical goals. Recombinant retroviruses provide an 
attractive vehicle for gene transfer for a number of reasons. 
These include the high efficiency with which they are able to 
enter cells and integrate into host DNA, their wide target cell 
range, and their lack of toxicity.’ Mammalian bone marrow 
is a convenient source of primitive cells with high prolifera- 
tive and self-renewal capacity on which to test the feasibility 
of using a gene transfer technique to primary cells. A number 
of workers have already shown that it is possible to introduce 
a variety of foreign genes into the bone marrow stem cells of 
mice using recombinant retroviruses.*”’ These authors have 
shown a high efficiency of gene transfer, and the transferred 
gene has remained stably integrated through serial marrow 
transplants. Although some expression of the transferred 
genes has been demonstrated, difficulties in obtaining satis- 
factory levels of the products of certain genes such as human 
adenosine deaminase have been encountered.’ In addition, 
the long-term stability of gene expression has been ques- 
tioned.” Nevertheless, it is clear that retroviruses are capable 
of delivering functional genes into murine hemopoietic pro- 
genitors. 

Retroviruses have also been used for gene transfer to 
human cells, although the available data are less extensive 
than for murine targets. ~"? The enzyme deficiency in hypo- 
xanthine phosphoribosyl transferase (HPRT) negative 
human fibroblasts and B lymphoblasts has been corrected by 
infection with recombinant virus containing the HPRT 
gene.*” Similar results have been reported for experiments in 
which a virus containing the human adenosine deaminase 
(ADA) gene was used to infect human ADA-—deficient B 
lymphocytes.’ Some data exist for cells of the hemopoietic 
system from experiments in which long-term human marrow 
cultures were infected with virus containing oncogenes or the 
human HPRT gene.'*!! Viral replication in the hemopoietic 
cells in these cultures was documented, but the extent to 
which the gene of interest had been successfully transferred 
and expressed by primitive blood cell progenitors was not 
studied. Recently more direct quantitative data have been 
published by Hock and Miller’? demonstrating retroviral- 
mediated gene transfer to primary human marrow progeni- 
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viral stocks, both with and without helper virus, under 
conditions optimized for K562 cells, maximum frequencies 
of G418' colonies were 3% to 16% for granulocyte macro- 
phage progenitors and 2% to 6% for primitive erythroid 
progenitors. The presence of the neo’ gene in both G418" 
K562 and primary hemopoietic colonies was verified by 
Southern blot. Expression of the neo’ gene was shown by 
RNA spot biot. These data demonstrate efficient transfer 
and expression of the neo’ gene in both K562 celis and 
primary human hemopoietic cells from normal and leu- 
kemic individuals. 
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tors with recombinant viruses carrying the neo’ or the 
DHFR* gene. 

The present study was undertaken to investigate and 
identify variables that may influence the frequency of suc- 
cessful gene transfer to human hemopoietic progenitors. A 
number of the available viral packaging lines and retroviral 
vectors have been evaluated using a spectrum of target cell 
types including an established cell line as well as fresh 
progenitors of both normal and leukemie origin. 


MATERIALS AND METHODS 


Cells and culture conditions. Cell lines were cultured in Dulbec- 
co's modified Eagle medium with high glucose (4.5 g/L) and 10% 
heat-inactivated calf serum (for YAM or 42 cells} or 10% fetal calf 
serum for all other cell types in 5% CO, atmosphere at 37 °C. The 
amphotropic retrovirus packaging lines, YAM. PAI2 and PA3I?, 
and the ecotropic packaging line, 42, have been previously 
described. 

Primary human cells were obtained either from consenting adults 
(CML peripheral blood or normal bone marrow) or from second 
trimester abortions (fetal liver cells) after approval from the Cimical 
Screening Committee for Research Involving Human Subjects of 
the University of British Columbia. Blood and bone marrow cells 
were passed over a percoll density gradient (density 1.063) and light 
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density cells collected and used in subsequent experiments. Fetal 
liver was minced with scissors and incubated for three hours at 37 °C 
in aw medium with 20% fetal calf serum and collagenase | mg/mL 
(Sigma, St. Louis). The cells were then passed through a succession 
of needles of decreasing gauge, washed, and used for the experiments 
described. 

Primary human cells were grown in a medium supplemented with 
20% fetal calf serum and 10% agar-stimulated leukocyte-condi- 
tioned medium while in suspension culture and in methylcellulose 
assays as previously described’? for assessment for hemopoietic 
progenitors. 

Virus production and assay. The general strategy for generat- 
ing high-titer retroviral-producer cell lines was as outlined by Miller 
et al’! The retrovirus packaging line, ¥2, was transfected with viral 
plasmid DNA (pZipNeo or pN2).°'? These plasmids are both 
MoMuLV-based vectors that contain the gene for neomycin phos- 
photransferase (neo). After 48 hours the medium from the trans- 
fected 42 cells that contained neo’ virus (v-neo') was removed, and 
aliquots were used to infect the amphotropic packaging lines, YAM, 
PAi2, or PA317. After 48 hours amphotropic v-neo’-producing 
clones were selected in medium containing the neomycin analogue 
G418 at 1| mg/mL (Gibco Laboratories, Chagrin Falls, OH). G418 
was dissolved in distilled water and added to growth medium to 
achieve the desired final concentration in total mg/mL (the effective 
drug concentration was approximately 50% of that value for the two 
lots of G418 used). Colonies were isolated by cloning rings, expand- 
ed, and examined for v-neo’ titer on 3T3 cells and for amphotropic 
helper virus using the S + L` assay.” 

Viral infection. The K562 human leukemic cell line or primary 
cells were infected with v-neo’ by either co-cultivation with ampho- 
tropic viral producer cells that had received 1,500 R irradiation or 
incubation in medium previously exposed to virus-producing cells for 
various periods of time. After the infection period they were main- 
tained in suspension culture for 24 to 48 hours before plating in 
methylcellulose assay with or without G418. Control cultures that 
were not exposed to virus were grown in suspension culture and 
plated with or without G418 at the same time as the infected cells. 
All infections and control suspension cultures were done with 
polybrene, 8 wg /mL. Colonies were scored after plating in methyl- 
cellulose on days 5 to 7 for K562 and days 10 to 14 for granulocyte 
macrophage colonies (from CFU-GM) and days 18 to 21 for large 
erythroid colonies (from BFU-E) for primary progenttor assays. 
Colonies were not scored unless they contained at least 30 cells and, 
in the case of BFU-E, had at least three clusters and were clearly 
hemoglobinized. 

The infectious center assay was done by picking individual G418 
resistant (G418") granulocyte-macrophage colonies from methylcel- 
lulose assay and placing the dispersed cells from one colony in a 2 
cm? tissue culture well containing 10° NIH-3T3 cells in medium 
with 8 ue/mL polybrene. After overnight incubation the medium 
was replaced with fresh medium containing G418 I mg/mL. Seven 
days later the assay was scored for the presence of G418' 3T3 cells. 

Cell and viral manipulations and cultures were performed under 
level C containment following Medical Research Council of Canada 
guidelines for handling retroviruses and human samples. 

DNA and RNA studies. High molecular weight DNA was 
harvested from expanded clones of K562 cells and pooled hemo- 
poietic colonies by proteinase K digestion followed by phenol and 
chloroform extractions. Southern blotting of K562 and primary 
hemopoietic colony DNA to nitrocellulose filters was performed by 
standard methods.” 

Total cellular RNA was harvested by the method of Meinkoth 
and Wahl" from K562 or from primary hemopoietic colonies that 
had been individually plucked and pooled from methylcellulose 
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assays. The RNA was diluted te various concentrations and applied 
to mtrocellulose filters using 2 spot blot manifold according to 
established methods (Schleicher and Schuell, Keene, NH). 

To detect neo’ sequences, a 2.3 kb neo’-specific Bam HLE Hind IHH 
fragment isolated from RSV-neo plasmid DNA was *’P-labeled by 
nick trans ation kit (Bethesda Research Laboratories, Gaithersburg, 
MD) for use as a probe. Filters were prehybridized, hybridized, 
washed, and autcradiographed using standard techniques.” 


RESULTS 


Viral producer cells. Many attempts were made to 
obtain the highest possible v-neo’ titer from various combina- 
tions of packaging lines and either the ZipNeo or the N2 
vector. For the combination of YAM cells and pZipNeo, the 
highest titer of helper-free virus obtained after screening 61 
clones wes 2 x 10° CFU/mL. With PAI2 and pZipNeo, 
several of the 21 clones studied produced approximately 10° 
CFU/mL. but these were found to produce helper virus as 
well. With the combination of PAI2 and the N2 vector, 
higher titers of v-neo' (4 x 10° CFU/mL) were obtained, but 
these also contained helper virus. The highest titers of 
helper-free v-neo’ (5 x 10° CFU/mL) were obtained from 
the PA317 pacxaging cell line containing the N2 proviral 
DNA. 

K562 experiments. To optimize conditions for high- 
frequency retroviral infection of human hemopoietic progen- 
itors, we used K562 cells as a convenient model for experi- 
ments in which a number of variables were explored. Initially 
the best re tio of target K562 cells te irradiated viral producer 
cells was studied over a range of 10°:1 to 1:10. The transfor- 
mation of K562 to G418" increased in frequency as the 
proportion of v-neo’ producer cells increased up to a cell ratio 
of 1:] ane then plateaued with higher numbers of producer 
cells. A tctal of 10° K562 cells were then incubated for two 
hours wita 3 mL of medium exposed to v-neo’ producing 
cells, either undiluted or diluted to concentrations as low as 
1:10°. There was a direct correlation between the concentra- 
tion of v-nzo'-containing medium and the frequency of G41 8 
K562 cells for medium from all the viral producer lines 
tested. For the highest titer virus (4 x 10° CFU/mL) the 
frequency plateaued above concentrations of 1:10. 

Figure | shows the frequency of G418" K562 cells 
obtained by infection with undiluted v-neo'-containing 
medium cr co-cultivation with confluent cells of various 
types. The cell lines selected were those producing the 
highest v-neo' titer for the various packaging line/neo’ 
plasmid combinations. At viral titers <]0° CFU/mL the 
maximum frequency of G418' K562 cells was approximately 
2% after co-cultivation with producer cells. Frequencies 
obtained after infection with medium exposed to the same 
cell lines was at least fourfold lower than that obtained by 
co-cultivation. At the highest titer, 4 x 10° CFU/mL, the 
difference in efficiency between co-cultivation and cell-free 
medium disappeared. The highest frequencies of G418° 
K562 colonies were obtained with the PA12/N2 producer 
cells, approximately 60% for both co-cultivation with pro- 
ducer cells and incubation with medium. 

A number of other variables that were investigated did not 
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viral titer (cfu/ml) 2x10‘ 1x10 5x10" 4x10° 
Fig 1. G418" K562 colonies (% of colonies grown without 


G418) after infection of 10° cells for two hours with v-neo’ from 3 
mL undiluted medium or 24 hours exposure to a 60-mm dish of 
confluent, irradiated viral producer cells of various types. Each bar 
represents the results of a single experiment. Similar results were 
obtained in a second set of experiments. The G418 concentration 
of 1 mg/mL completely inhibited colony growth of uninfected cells. 
O, medium; Ø, co-cultivation. 


appear to affect the frequency of K562 cell transformation to 
G418". These included extending the duration of co-cultiva- 
tion from six to 48 hours or extending the duration of 
exposure to medium from producer cell lines from two to 48 
hours. 

The neo’ gene was demonstrated in G418" K562 cell DNA 
by expanding individual colonies in liquid culture and 
extracting cellular DNA for Southern blots. Figure 2A 
demonstrates the 4kb neo'-specific Xbal fragment found in 
four G418" K562 colonies but not found in control K562 
DNA. Figure 2B shows DNA from the same four G418' 
K562 colonies and two uninfected control K562 colonies cut 
with enzymes that cut only once within the neo" proviral 
DNA. The neo'-specific fragments demonstrated in the 
G418' colonies are single and unique to each colony, indicat- 
ing one random site of integration for the provirus in the 
cellular DNA. 

Infections of primary hemopoietic progenitors. A total 
of four normal marrow, six fetal liver, and six CML blood 
samples were infected with v-neo' from a variety of packag- 
ing cell line/neo' plasmid combinations. The infection proce- 
dure did not appear to be toxic to the target cells as shown by 
a lack of any effect on cell recovery or plating efficiency. 
(Values for infected cells were 80% to 100% of control 
values.) A G418 concentration of 2 mg/mL (effective drug 
concentration | mg/mL) completely inhibited all colony 
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Fig 2. Southern blots of total cellular DNA hybridized with a 


=P_jabeled neo'-specific Bam H1-Hind Ill fragment from pRSV-neo. 

(A) K562 DNA from cloned G418' cells infected with YAM/ ZipNeo 
viral stocks (lanes 1 to 4) or uninfected (lane 5) and digested with 
Xbal. — 4kb neo’-specific fragment in infected cells. (B) DNA from 
the same G418" K562 clones as in (A) (lanes 1 to 4 and 7 to 10) and 
uninfected clones (lanes 5,6,11,12) digested with Bam HI (lanes 1 

to 6), or EcoRI (lanes 7 to 12). These enzymes cut once within 
proviral DNA and once within cellular DNA to generate a single 
neo’ specific fragment of unique size in each of the G418' clones. 

(C) DNA from pooled primary hemopoietic colonies either infected 
with PA12/N2 viral stocks (lanes 2,3,5) or uninfected (lanes 1.6,7) 
and digested with EcoRI. The expected 1.5 kb neo’ specific 
fragment is seen in lane 2 (cells infected with viral supernatant but 
not selected in G418), lane 3 (G418' cells after infection with 
supernatant), and lane 5 (cells infected by co-cultivation with 
producer cells but not selected in G418). Lane 4 shows no neo 
specific hybridization from cells exposed to supernatant from 
PA317/N2 producer cells but not selected in G418. 


growth in assays of uninfected primary progenitors. No 
difference in G418 sensitivity between the various target cell 
sources or between progenitors of different lineages (ie, 
BFU-E and CFU-GM) could be demonstrated. 

Figure 3A shows the frequency of G418' CFU-GM seen 
after infection by v-neo' producer cells at various viral titers 
Each point represents a different experiment combining 
target cells of a certain type with a specific viral producer cell 
line. Although there was a correlation between viral titer and 
frequency of G418", considerable variation in transformation 
efficiency at any given titer was also found; for example, 
from 2.4% to 15.7% G418" CFU-GM at a titer of 4 x 10° 
CFU/mL. There was also a low (0.045% to 0.4%) but 
reproducible incidence of G418' colonies after infection with 
cells producing viral titers as low as 10° CFU/mL. 

Figure 3B shows similar data for BFU-E. Infections with 
cells producing a v-neo' titer of | x 10° CFU/mL yielded a 
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frequency of large G418' erythroid colonies of less than 1%, 
while frequencies up to 5.6% were seen after infections done 
with cell lines producing higher titers. However, the correla- 
tion of G418" frequency with titer was less clear, and the 
variation in G41 8° frequency at any given titer was similar to 
that seen for CFU-GM. From these data (Figs 3A and B) it 
appears that BFU-E may be less readily transformed by 
v-neo’ than CFU-GM. Although this may be true, it is 
possible that the apparent difference is the result of experi- 
mental variables that particularly affect erythroid colony 
growth. For example, it was found that in general G418' 
erythroid colonies were not as large or as red as those 
obtained from infected BFU-E plated in the absence of 
G418. It is possible that impurities in the G418 affect the 
growth of erythroid colonies containing the neo’ gene. Alter- 
natively, the neo" gene may be expressed at a lower level in 
erythroid cells as they differentiate. Therefore it is likely that 
the frequencies recorded here for G418' BFU-E represent 
minimum estimates of successful gene transfer. 

The maximum frequencies of G418" progenitors from 
these experiments are summarized in Table |. The highest 
frequency was usually obtained after infection with the cell 
line producing the highest viral titer, PAI2/N2 cells produc- 
ing v-neo’ at 4 x 10° CFU/mL, in addition to helper virus. 

The ability of medium exposed to v-neo'-producing cells, 
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. Fig 3. Frequency (%) of G418' primary 


a hemopoietic colonies (G418' colonies/ total 
colonies without G418 x 100) after 24-hour 
exposure of 5 x 10° cells to a 60-mm dish of 
irradiated, confluent v-neo’ producer cell 
lines at various viral titers. ©, normal bone 
marrow; ©, CML blood: A, fetal liver. (A) 
Granulocyte, macrophage colonies; CFU- 
GM. (B} Large erythroid colonies; BFU-E. 





as Compared to co-cultivation with producer cells of various 
types, to transform primary progenitors to G418" is com- 
pared in Fig 4. At a titer of 6 x 10° CFU/mL produced by 
¥AM/ZipNeo cells, v-neo-containing medium was unable 
to produce a significant incidence of G418' colonies while 
co-cultivation yielded a frequency of approximately 0.1%. At 
titers of 5 x 10° or 4 x 10°CFU/mL, medium with virus was 
effective at transforming both BFU-E and CFU-GM. How- 
ever, the frequency was still two- to 50-fold higher using 
co-cultivation. Nevertheless, the frequency of G418' colonies 
was higher after infection with medium at high titers (10.6% 
for CFU-GM at 4 x 10° CFU/mL) than with co-cultivation 
at low titers (0.13% CFU-GM at 6 x 10 CFU/mL). 

The frequencies of transformation for primary progenitors 
were not as high as those obtained for K562 cells. To try to 
increase the efficiency, target cells were allowed to remain on 
viral producer cells for as long as seven days without any 
increase in the efficiency of transformation. 

The ability of G418° CFU-GM that had been infected 
with helper-containing v-neo' to infect 3T3 cells was tested 
by infectious center assay. In two experiments, five of 22 and 
24 of 24 individual CFU-GM tested transformed 373 cells to 
G418 resistance. The production of G418" 3T3 cells in this 
assay requires that the infecting cells be producing v-neo’. To 
do so they themselves must have been infected by both v-neo’ 


Table 1. Maximum Frequency of G418' 1° Hemopoietic Colonies After Co-cultivation With Various v-neo' Producer Cells 





Viral Producer v-neo’ Titer dsp Nn at ees 
Target Cells Celis (CFU/ml) + Virus 
Normal Marrow VAM/ZipNeo 3 x 10° 26/2775 
PA317/N2 5 x 10° 78/1860 
PA12/N2* 4x 10° 127/1800 
Fetal Liver VAM/ZipNeo 3 x 10° 24/2960 
PA317/N2 5 x 10° 2/158 
PA12/N2* 4 x 10° 13/414 
CML Blood FAM/ZipNeo 6 x 10° 48/9900 
PA317/N2 5 x 10° 66/3120 
PA12/N2* 4 x 10° 656/4170 
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CFU-GM BFU-E 

Contralt + Virus Controlt 
(0,94) 0/2970 = ion 
(4.2) 0/630 85/3330 (2.2) 0/4050 
(7.1) 0/630 101/4260 (2.4) 0/4050 
(0.81) 0/3996 54/3333 (1.6) 0/18468 
{1.3} 0/150 1/105 (1.0) 0/120 
{3.1} 0/150 2/690 (0.31) 0/120 
(0.48) 0/6600 18/14320 (0.13) 0/9523 
(2.1) 0/3888 194/3480 {5.6} 0/6480 
(15.7} 0/16920 1672/318650 (5.3) 0/81180 
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tControl = Celis from the same sample plated in methylcellulose + G418 without exposure to v-neo’ producer cells. 
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cell lines/plasmid VAM/Zipneo YAM/Zipneo PA 317/N2 PAI2/N2 


viral titer (cfu/ml) 6x10" 3x10" 5x10" 4x 10*(+helper) 


Fig 4. Frequency (%) of G418' primary hemopoietic progeni- 
tors (G418" colonies/total colonies without G418 x 100) after 
infection of 5 x 10° cells by v-neo’ from a 60-mm dish of irradiated 
confluent producer cells for 24 hours or 5 mL undiluted medium of 
various types for two hours. Each bar represents the results of one 
experiment. For each viral titer the target cells were from the 
same individual for all conditions studied. At titers of 5 x 10° and 
4 x 10° CFU/mL., the same CML blood cells were used. CML cells 
were also used at 6 x 10° CFU/ml and fetal liver cells at 3 x 10° 
CFU/mL. Similar results were obtained in a second set of experi- 
ments. BFU-E exposed to v-neo’ medium, =); BFU-E exposed to 
confluent producer cells, Z2; CFU-GM exposed to v-neo’ medium, 
O; CFU-GM exposed to confluent producer cells, Ø. 


and helper virus, which may occur relatively infrequently." 
This would account for less than 100% of G418' CFU-GM 
being positive in the infectious center assay, 

Figure 2C is a Southern blot of DNA harvested from 
pooled hemopoietic colonies grown from CML blood cells 
that were either uninfected or exposed to viral stocks contain- 
ing v-neo'. After digestion with EcoRI, the neo'-specific 
probe identified the expected 1.5 kb neo'-specific fragment in 
G418' cells (lane 3). A less intense signal is seen in lane 2 
where the same cells were exposed to medium containing 
v-neo’ but not selected in G418, indicating that some of the 
cells did not contain the neo’ gene (8% of the CFU-GM in 
this sample were G418"). In lane 5 the DNA from cells 
exposed to viral producer cells but not selected in G418 
shows a strong signal. In colony assays 15.7% of the CFU- 
GM in this sample were G418". The strength of the hybrid- 
ization signal in lane 5 as compared to lane 3, where an 
equivalent amount of DNA was hybridized, indicates that at 
least 15.7% of the cells in this sample contained the neo’ 
gene. DNA from cells from the same sample that were not 
exposed to virus in lanes 1, 6, and 7 show no signal. 

Expression of the neo’ gene by v-neo' infected, pooled 
primary progenitors or K562 cells was shown by RNA spot 
blot (Fig 5). Total cellular RNA was hybridized with a 
neo'-specific probe. Uninfected, control cells show no evi- 
dence of neo’ hybridization, while the same number of 
infected cells show a strong signal. The signal is strongest for 
cells that were selected in G418 (lanes b, CFU-GM and all 
infected K562 cells) but is also seen in cells that were 
infected but not selected (lanes a, CFU-GM). 
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Fig 5. RNA spot blot of total cellular RNA from pooled CML 
granulocyte-macrophage colonies or K562 cells hybridized with a 
=p_iabeled neo’ specific Bam Hi-Hind Ill fragment from pRSV. 
Control cells were not exposed to v-neo’ or G418. Cells exposed to 
either PA12/N2 or PA317/N2 v-neo’ producer cells were either 
selected in G418 (b) or unselected (a) in the case of CFU-GM. 
Insufficient cells were available to allow samples for the PA317/ 
N2, 4 x 10° cells column. Therefore, these two spots are blank. All 
infected K562 cells were selected in G418. pZipNeo DNA serves as 
a positive control in the top lane (2.0 and 0.5 pg DNA from left to 
right). 


DISCUSSION 


These data demonstrate efficient transfer and expression 
of the neo’ gene to both the K562 human leukemic cell line 
and a variety of normal and malignant primary human 
hemopoietic progenitors using recombinant retroviruses, 

A number of variables were investigated to try to achieve 
the highest possible efficiencies of gene transfer. Co-cultiva- 
tion with viral producer cells rather than infection with 
medium exposed to viral producer cells and use of high Uter 
virus were both identified as important parameters, but viral 
titer clearly had the greatest influence on the frequency of 
transformation to G418 resistance. Considerable eflort was 
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devoted to studying viral producer cells generated by various 
packaging line/neo’-containing plasmid combinations. The 
choice of these variables had a major impact on the titer of 
both v-neo’ and helper virus. We were unable to generate 
high titer v-neo' from the PAI2 packaging line that was not 
associated with helper virus. The use of the N2 vector rather 
than ZipNeo raised the v-neo' titer but did not eliminate the 
problem of helper virus. Although the PAI2 line has been 
constructed to generate helper-free recombinant virus, it 
appears that with the vectors used in this study sufficient 
genetic recombination occurs between the defective packag- 
ing and recombinant neo’ viral sequences to frequently 
generate significant helper virus titers. Helper-free v-neo’ 
generated by the YAM packaging line containing pZipNeo 
DNA was always of relatively low titer (<10° CFU/mL). 
The newer generation of retroviral packaging lines, such as 
the PA317 developed by Miller and Buttimore,'® may solve 
the problem of obtaining high-titer recombinant virus with- 
out associated helper. 

Although both ZipNeo and N2 contain the same neo’ gene 
under the control of the promoter in a Moloney leukemia 
virus LTR, the two vectors are not identical in structure.©'° 
Although the differences appear subtle, they seem to affect 
the viral titers obtained from producer cells and might also 
cause different levels of expression of the transferred foreign 
gene in infected hemopoietic cells. For this reason we elected 
to test virus derived from both the N2 and ZipNeo vectors on 
our target cells. Although our data are not definitive, some of 
our results (eg. Fig | where K562 were the target cells and a 
fivefold increase in viral titer led to a 20-fold increase in 
frequency of G418" colonies) may be explained if neo’ was 
expressed more efficiently in cells infected with virus derived 
from N2 rather than ZipNeo. 

In experiments done with helper-free virus from a pro- 
ducer line derived from PA317 cells and the N2 plasmid, we 
were successful in demonstrating gene transfer at levels only 
slightly lower than those achieved with helper containing 
virus of significantly higher v-neo' titer. No obvious effect of 
helper virus on the frequency of gene transfer was detected. 

In addition to normal bone marrow we evaluated two 
alternative sources of primary human progenitors for retrovi- 
ral infections. These were fetal liver and CML blood. In both 
cases a high proportion of the primitive progenitors in these 
tissues are in the active part of the cell cycle as compared to 
their counterparts in normal marrow, which are largely 
quiescent.” Cell cycling status has been suggested as an 
important variable affecting the success of retroviral infec- 
tion and integration into host DNA.” Although some of our 
highest frequencies of G418' colonies were seen in the CML 
blood cultures, there was sufficient variability from experi- 
ment to experiment that no overall difference was evident. 
However, there was clearly no dramatic improvement in the 
frequency of G418" progenitors in experiments using either 
of the primary human targets that were presumably cycling 
optimally. 

There are many possible reasons for the variability in the 
frequency of successful gene transfer and expression in 
primary progenitors, as illustrated in Fig 3. Although the 
viral titer from our v-neo' producer cell lines was quite stable 
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over long periods of time, some differences did occur. For 
example, after the producer cells reach confluence the viral 
liter begins to drop significantly. Similarly, the ability of 
target cells not only to become infected but to integrate and 
express the viral genome is probably affected by a number of 
factors, including their level of differentiation. cell cycle 
status, and perhaps subtle metabolic factors that may be 
altered by the unavoidable day-to-day changes in complex 
culture conditions. Although care was taken to ensure that 
both viral producer and target cells were in optimal condition 
at the time of infection, some variability undoubtedly 
occurred and may account for changes in frequency of G418" 
colonies. For example, the fetal liver samples underwent 
considerable manipulation, and the plating efficiency of 
uninfected cells in progenitor assays was highly variable. 
Changes affecting the ability of hemopoietic progenitors to 
form colonies in culture might even more profoundly reduce 
the frequency of successful gene transfer. If so, this would 
account for data such as the low numbers of G418' BFU-E 
after infection of fetal liver cells with virus from PA12/N2 
producer cells (Table 1). 

Although encouraging, the frequency of gene transfer 
demonstrated to primary progenitors by these data is still 
much lower than the theoretical 100% that should be obtain- 
able with retroviruses.’ Our frequencies are reasonably close 
to those reported by Hock and Miller for gene transfer to 
primary normal human hemopoietic progenitors from bone 
marrow’ but are much lower than the 75% to 100% 
frequency reported by Eglitis et al for murine CFU-S.° 
However, it is notable that the latter authors and others have 
found the level of expression of G418 resistance or neo’ gene 
product to be highly variable among different CFU-S con- 
taining the neo’ gene.** The frequencies of G418 resistance 
in murine CFU-GM infected and selected in vitro have been 
approximately 10% to 30%,** which is also lower than one 
might have predicted and consistent with our results on 
human progenitors. 

A large number of techniques exist for transporting 
genetic material into cells. A number of these have been 
applied to primary hemopoietic progenitors, inciuding cal- 
cium phosphate co-precipitation and electroporation" 
Although initial results using the former technique to confer 
methotrexate resistance on murine bone marrow cells 
appeared promising, similar results have not been forthcom- 
ing for other genes or for human cells. Electroporation is a 
relatively new technique that has not been widely applied to 
gene transfer into primary cells. Initial results with human 
bone marrow progenitors demonstrate low levels of transfer 
and expression of the xanthine-guanine phosphoribosyl 
transferase gene in CFU-GM.” The full potential of this 
technique remains to be explored. At the present time the 
bulk of evidence would indicate that the highest efficiencies 
of gene transfer are those mediated by retroviruses. Where 
high frequencies of transformation are necessary and appro- 
priate vectors are available, these viruses appear to be the 
current method of choice for transporting genes into cells. 

The knowledge gained from the present studies should 
facilitate the successful use of the technique of retroviral- 
mediated gene transfer to study genetic factors important in 
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normal and malignant hemopoiesis. In addition, there are a 
number of inherited human hematologic disorders that are 
known to have a molecular genetic etiology. Some of these 
may ultimately be curable by gene replacement therapy, 
possibly with retroviruses providing the means of transport- 
ing the normal gene into primitive hemopoietic progeni- 
tors.” 
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Structural Polymorphism of Glycophorins Demonstrated 
by Immunoblotting Techniques 


Yi-Qing Lu, Margaret E. Nichols, William L. Bigbee, Ronald L. Nagel, and Olga O. Blumenfeid 


We have explored the polymorphism of the glycophorin 
system in the human erythrocyte membrane using the 
immunoblotting techniques and examining 52 individuals 
selected without prior bias as to their serologic state and 
ten documented serologic variants of M, N, S, s blood group 
system. Polyclonal antisera to æ glycophorin and to a 
glycophorin CNBr carboxyl terminal fragment C (residues 
82-131) and M and N specific monoclonal antibodies 
(MoAbs) were used. The first two reagents detect specific 
regions of the a glycophorin molecule and ail electropho- 
retically resolved species of glycophorins immunologically 
related to a and 6 glycophorins (6 glycopharin, [a-45] hybrids 
and other glycophorins with an alteration in the carboxy! 
terminal segment); the M and N MoAbs identified the 
glycophorin species containing or lacking the M or N 


LYCOPHORINS are a family of erythrocyte mem- 
brane glycoproteins, and in each individual several 
related forms are present.’ In the major M and N a 
glycophorins,*' the antigens that determine the M, N blood 
groups reside; these glycoproteins differ in two amino acids 
at residues | and 5 of the polypeptide chain and are products 
of two codominantly expressed allelic genes.'* Moreover, 6 
glycophorins, in which the S and s blood group antigens 
reside, are specified by other allelic genes**; these relatively 
less abundant glycophorins are related to the N form of a 
glycophorin but show amino acid sequence differences and 
lack the asparagine-linked oligosaccharide and the carboxy 
terminal segment of a glycophorin.'’° The 8 and 7 glycopho- 
rins are minor components whose serologic and structural 
characteristics are less clear.'” 
As shown by recent gel electrophoretic and structural 


*Giycophorins will be designated essentially as proposed by 
Anstee’; a glycophorin is equivalent to glycophorin A or PAS-I and 
PAS-2 glycoproteins, 6 glycophorin is equivalent to glycophorin B or 
PAS-3; y glycophorin is equivalent to glycophorin C and glycopro- 
tein E (See Fig 1).’ Fusion hybrids are glycophorins in which the 
amino terminal portion of the molecule has a sequence identical to 
one type of glycophorin, whereas the carboxyl terminal portion arises 
from another type of glycophorin. Unequal crossing over may be a 
genetic mechanism involved in the generation of these fusion 
hybrids. 
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determinant in the amino termina! octapeptide structures. 
We find that (1) immunoblotting confirmed in all cases the 
serologically determined phenotype: we aiso find that 
polymorphic forms of the glycophorin system are relatively 
infrequent; (2) immunoblotting, independent from sero- 
logic testing. was capable of detecting five mutants, two 
most likey S-s-U-phenotypes; (3) a new glycophorin spe- 
cies was Jetected in normal red cells with both antiglyco- 
phorin and antipeptide C sera, which is not evident with 
MoAbs; (4) immunoblots of known giycophorin variants 
(En(a—), U—, M’, Mil, I, Il, V, and St*) confirmed but also 
extended our knowledge of the abnormal glycophorins 
involved; and (5) the He* and Wr”! —)} cells showed normal 
patterns. 

© 1987 by Grune & Stratton, inc. 


studies, erythrocytes of serologic variants of the MNSs locus 
may exhibit additional variant forms of glycophorins. Blood 
group specific M5, MS, Mi I, and H erythrocytes contain 
products cf variant alleles of the M or N genes,'®'? and those 
of St", Miltenberger V, or Ph individuals contain fusion 
glycophor:ns originating from recombination events between 
a and 6 glycophorin genes.'*'* Some individuals and their 
families are known whose erythrocytes do not bear either a 
(En(*~)) ar 6 glycophorins (S-s-U — )'?; and others have cells 
that contain a glycophorin glycosylation variants, for exam- 
ple the Cad phenotype.'?”? 

In this report we examined two aspects of glycophorin 
polymorphism using immunoblotting approaches. First, the 
extent of occurrence of glycophorir variants in a population 
of 52 individuals, selected without prior bias as to their 
serologic state; and second, the ability to be detected and the 
nature of profile differences in erythrocytes of individuals 
with serologically defined variant M, N, S, and s pheno- 
types. 


MATERIALS AND METHODS 


Preparation of erythrocytes. Randem control erythrocytes were 
obtained from laboratory personnel and from 41 medical students 
from Central Africa (Cameroon, Zaire, and Central African Repub- 
lic).t? Venous blood (collected with heparin or citrate-phosphate- 
dextrose) was centrifuged at 3,000 rpm for 30 minutes and plasma 
and buffy coat removed by aspiration. The erythrocytes were washed 
three times with isotonic phosphate buffer pH 7.6, followed by two 
washes with the same buffer containing inhibitors of proteolysis: | 
mmol/L phenylmethylsulfonylfluoride (PMSF), 2 mmol/L N-ethy! 
maleimide, and 0.02% sodium azide. Washed cells were centrifuged 
at 2,000 rpm for 15 minutes and used for blood typing and gel 
electrophoretic studies. 

Serologically variant erythrocytes were obtained from individuals 
referenced in the rare donor file at New York Blood Center; their 
phenotypes are noted in Table 1. These cells had been frozen in 
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tThe original intention for the collection of bloods from these 
subjects was that they serve as controls in an unrelated sickle cell 
hemoglobin study; their MNSs serologic state was unknown to usat 
the time of collection. 


Blood, Vol 69, No 2 (February), 1987: pp 618-624 











ERYTHROCYTE GLYCOPHORINS 679 
Table 1. Reaction of Variant Glycophorins in Erythrocytes with Rare Serologic Variants of M, N, S, s 
With Specific Polyclonal Antisera and MoAbs 
Se SS A EEE A ae N a a E era eee 
Reaction With 
Antisera to 
M 
MN R ea Possible Structural 
Serologic Phenotype Variant Bands* Glycophorin Peptide C M N Characteristics + 
MEM NS S$ &' + + — S Glycophorin variant altered in the 
amino terminal octapeptide 
Mill, M.S, s 4’ + -+ + — Glycophorin variant (M-ike) 
Miill, N, S 2° + + ~ + ô Giycophorin variant 
2” + ~ E + 
4 g&o -4 
MiV, M, N, S 2 + + ô Glycophorin variant 
2" + + + 
el 4 RE? n $ 
4’ + ~ ~ + 
St". M, N, 5 VA 4 + -- + a Glycophorin variant 
2” 4 be ees -4 
a 4 4 ` 4 
Enla — HFin), S, S Bands 1 and 4 = = = — Lack « glycephorin; “normal” 6 
glycophorin 
M'M", $ Bands 1 and 4 + + ~ — a giycophorin altered within the 
amino terminal octapeptide: 
“normal” 6 ghycophorin 
U.N Band 6 — — ~- trace lack 6 giycophorin, normat cx giy- 
cophorin 
He‘, M, S.S : , 
bo z No obvious differences from normal. 
Wr”, M,N, s 





*See Figs 1 to 3: 
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+Structural characteristics apparent from reaction with the antisera and the antibodies. 


liquid nitrogen and were reconstituted by adding a few frozen 
droplets at a time to 5 mL of saline solution at 45 °C." The cells 
were washed three times in saline and processed as described above 
for the freshly collected cells. 

Blood group typing. Hemagglutination was performed accord- 
ing to standard procedures using commercial rabbit anti-M and 
anti-N sera (Ortho Diagnostic Systems, Raritan, NJ). 

Polyacrylamide gel electrophoresis. Gel electrophoresis was 
carried out on 10% to 15% gradient gels in 0.1% sodium dodecyl 
sulfate (SDS) with a 3% acrylamide stacking gel as described by 
Laemmli.” Erythrocytes were prepared for electrophoresis as fol- 
lows: to 0.025 mL of packed cells was added 0.5 mL of distilled 
water, followed by 0.25 mL of 3x sample buffer.” The solution was 
immersed for one minute in boiling bath and 10 al. loaded into each 
of 20 slots of the slab gel. The remaining solution, in 0.1-mL 
aliquots, was kept at ~ 20 °C. No change in electrophoretic patterns 
was observed on replicate analyses of the frozen samples. 

Western immunoblotting. Immunoblotting was performed as 
described by Towbin et al.” Following electrophoresis the proteins in 
the unstained gels were electrophoretically transferred to nitrocellu- 
lose sheets in a Trans-Blot Cell (Bio-Rad) at 100 mA for 16 to 18 
hours, using a transfer buffer consisting of 50 mmol/L Tris, 192 
mmol/L glycine, and 20% (wt/vol) methanol. The blots were 
blocked with 7% bovine serum albumin, rinsed with 0.05 mol/L 
Tris-HC1-0.15 mol/L NaCl (pH 7.6), and incubated for one hour at 
room temperature with the appropriate antibodies, either antiglyco- 
phorin serum (1:200 dilution), antiserum to CNBr carboxyl- 
terminal fragment C (1:200 dilution), M-specific monoclonal anti- 
body (MoAb) (1:5 dilution of culture supernatant fluid), or N- 
specific MoAb (1:100 dilution of purified immunoglobulin from 
ascites fluid, I mg/mL). In the case of the MoAbs the nitrocellulose 


sheets were first exposed to rabbit antimouse IgG (1:750 dilution}. 
One per cent bovine serum albumin was used for all dilutions. The 
nitrocellulose sheets were washed with 1% Tween in the above buffer 
and incubated with '°I-Protein A prepared as described.” Following 
extensive washing with the Tween-buffer solution, the nitrocellulose 
blots were exposed to Kodak XAR~5 film for 1.5 to 3.0 days. 
Preparation and properties of antisera and antibodies. Antisera 
were prepared in rabbits against « glycophorin prepared from 
erythrocyte membranes of an MN individual and against carbohy- 


CNBr cleavage of æ glycophorin."*”* Both antisera react with M, N 
a glycophorin and its carboxyl terminal peptide C but do not react 
with the internal carbohydrate-rich portion of a glycophorin (CNBr 
peptide B, residues 9-81),’* Preimmune rabbit sera showed no bands 
when tested with purified glycophorins: with preparations of intact 
M, N, or MN erythrocytes a very faint band was seen at the position 
of band 5 similar in intensity to that seen in En{a~) cells (Pig 1; 
Ena(--) lanes A and B). More generally the specificity of the 
antisera is demonstrated by the pattern of reaction with the Ena(—) 
cells (lane B). 

An M- specific MoAb (1-2-D9) was produced as previously 
described for MoAbs G8 and E,” The N-specific MoAb (NN 5) 
has been previously described.” The M MoAb reacted exclusively 
with the M a glycophorin and the N MoAb reacted with N & and 6 
glycophorins when tested on Western immunoblots with M and N a 
glycophorins isolated from MM or NN erythrocytes." The specifici- 
ties of antisera and antibodies are summarized in Table 2. Preim- 
mune mouse serum showed a faint band slightly below the position of 
band 2 and a much stronger band at the position of band 5 when 
tested with MN or NN erythrocytes (see Fig | for designation of 
glycophorin bands). 
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Fig1. Fluorographs of immunoblots of erythrocytes of serologically “normal” MM, NN, MN representative individuals and an individual 
of the uncommon En(a~— ) phenotype. Lanes A, treated with antiglycophorin serum; Lanes B, with antipeptide C serum: Lanes C, with M 
MoAb; Lanes D, with N MoAb. Identical aliquots of solubilized erythrocytes from each individual were subjected to electrophoresis on a 
single or different slab gel that were then processed as described. The fluorograms were photographed and lanes obtained with the 
respective antisera or antibodies were cut out and collated to display for each individual the reaction under each of the four conditions 
(lanes A to D). When electrophoresis was carried out on different slab gels, the mobility of bands was close but not always identical: for 
example, in Ena( — ) cells, lanes A and D are not exactly coincident. The numbers on the left identify bands that react with antiglycophorin 
serum. Bands denoted by the prime symbol ' are those that were not seen in serologically “normal” individuals. Replicate analyses of 
erythrocytes of each individual were carried out with all four reagents. In all cases identical patterns were obtained when conditions 


described in the text were used. 


RESULTS 


Glycophorins in erythrocytes of MN individuals. 
Erythrocytes of random individuals displayed seven bands on 
SDS-polyacrylamide gels when probed with the polyclonal 
antiserum to «æ glycophorin. This is shown in Fig 1 (lanes A), 
for erythrocytes of three representative MM, NN, and MN 


Table 2, Specificity of Polyclonal Antisera and 
Monoclonal Antibodies 





Reaction With No Reaction With 





et, 6 glycophorins CNBr peptide B* 
and other minor 
glycophorins 

& glycophorins and 
all other glyco- 
phorins related to 
& glycophorins in the carboxy! ter- 
the carboxy! ter- minal region of a 
minal glycophorins 
CNBr peptide B* 

N « glycophorin 6 
glycophorin 


Antiserum to MN « 
glycophorin 


å glycophorins and 
all glycophorins 
altered or lacking 


Antiserum to car- 
boxy! terminal 
peptide C of « 
glycophorin (resi- 
due 82-131) 


M-specific MoAb Ma glycophorint 
(ser ser thr thr gly 
val ala met) 

N «& glycophorint ó 

lycophorin (leu 
i thr thr glu val 
ala met) 


N-specific MoAb M a glycophorin 


*Blumenfeld et al”? 
tEpitope is located within the amino terminal octapeptide as shown. 
?= O-linked saccharides: Blumenfeld and Adamany” 


individuals of 52 individuals examined. Bands | and 4 
correspond to the æ glycophorin dimer and monomer, respec- 
tively; bands 3b and 6 migrate in the area of ô glycophorin 
dimer and monomer, and band 5 corresponds to r glycopho- 
rin (Table 3). In addition to these well-established bands? an 


Table 3. Reaction of Glycophorins in Erythrocytes of Randomly 
Chosen Individuals with Specific Polyclonal Antisera and MoAbs 





Reaction with 


Antisera to 
MN a MoAbs — 
glycophorin peptide C M N 





Bands 1 and 4* 


ce glycophorin dimer and + + Accord- 
monomer ing to 
Sero- 
logic 
pheno 
type 
Bands 3b and 6 
å glycophorin dimer and i + 
monomer 
Band 2 
ce-4 dimer? + j 4 o 
Band 5 
y glycophorin and possibly ; $ ‘ + 
other glycophorins 
Band 3a 
glycophorin X + + - 
*See Fig 1 
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additional band designated 3a is seen. 8-Glycophorin bands, 
noted by others,? were not visualized and probably co- 
migrate with the monomer of a glycophorin (band 4). 

As shown in Fig | (lane B) and Table 3, the antiserum to 
the carboxyl-terminal peptide C does not react with 6 glyco- 
phorin in bands 3b and 6 but reacts with the other glycopho- 
rins. This confirms that ô glycophorin differs from a glyco- 
phorin either by an alteration in the carboxyl-terminal region 
or by the absence of that region. This also suggests that the 
minor glycophorins in bands 2, 3a, and 5 are structurally 
related with respect to that polypeptide region to @ rather 
than to 6 glycophorin. 

The monoclonal M- and N-specific antibodies react with a 
glycophorins according to the M or N serologic phenotype of 
the cells; in addition, the N-specific MoAb reacts with ô 
glycophorins, even in the M positive cells (Fig 1, lanes C and 
D. Table 3). It was observed that in all the erythrocyte 
samples tested, band 3a was not demonstrated by either 
MoAb whereas band 5 was evident with both. The reactivity 
of pre-immune mouse serum at band 5 but not at bands | and 
4, for example, suggests a specific antigen/antibody reaction 
rather than a nonspecific binding effect. It would appear 
therefore that some of the glycophorins recognized by pre- 
immune mouse serum also carry M- and N-specific epitopes 
recognized by the monoclonal reagents, 

The glycophorin band profiles observed were all essen- 
tially similar for the 52 randomly chosen individuals. The 
only deviations observed were the absence of 6 glycophorin in 
two individuals and the absence of band 5 using antipeptide 
C serum in three individuals. The latter observation suggests 
that a structural alteration exists in the carboxy! terminal 
region of these glycophorins. The erythrocytes of the two 
former individuals could possibly exhibit the S- s- U— blood 
group phenotype. Unfortunately, fresh red cells were not 
available for confirmatory blood typing tests to be per- 
formed. 

Glycophorins in erythrocytes with variant serologic phe- 
notypes. Erythrocytes from ten different individuals exhib- 
iting variant or null glycophorin phenotypes were examined 
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(Table 1). The altered glycophorin profiles became apparent 
when the cells were probed with the polyclonal antibody to a 
glycophorin (Figs | to 3). Thus in En(a—) cells the usual a 
glycophorin bands were absent, and in U- cells the á 
glycophorins were absent: and in Mi I, H, Ill, V, and St 
cells, variant glycophorins (denoted as prime, ') could readily 
be detected by their electrophoretic mobilities, which were 
distinct from the usual glycophorin bands. In the case of M* 
homozygous erythrocytes, the variant nature of a glycopho- 
rins was apparent because they did not react with the M- or 
N-specific MoAbs. These observations, summarized in Table 
|, are essentially in agreement with reported findings.'*"" 
18.29.30 

Additional aspects of the structure of the altered glyco- 
phorins were apparent from the known specificities of the 
antisera and antibodies used. For example, the variant 
glycophorin in band 4’ in Mil erythrocytes did not react with 
either M or N MoAb; in contrast, this band was distinctly 
evident with Mill cells and the M MoAb (Fig 2). Clearly the 
amino terminal region of this glycophorin in Mi I and Mi Il 
cells is different. Bands 3b and 6 in En(a—) erythrocytes 
appear to contain the dimer and monomer of 6 glycophorin 
from their reaction with antiglycophorin serum, the N 
MoAb, and lack of reaction with antipeptide C serum. In 
addition to having no a glycophorin, these cells also lack the 
glycophorins in bands 2 and 3a seen in “normal” cells. 
However, at the position of band 5 these erythrocytes contain 
a glycophorin that reacts with both M and N MoAbs (a 
double band is seen with the N MoAb; Fig |). Glycophorins 
in bands 2” and 4’ in Mi III cells resemble ô glycophorin in 
that they fail to react with antipeptide C serum. They are 
probably variant forms of 6 glycophorins whose usual 3b and 
6 bands are less evident and appear to react with antipeptide 
C serum. 

Glycophorin bands 2’, 2”, and 4’ in Mi V cells appear to be 
variant forms of 6 glycophorin, as they do not react with 
antipeptide C serum; indeed it has been proposed that they 
are (a-6) glycophorin hybrids.'* In contrast, St glycophorin 
variant bands 2’, 2”, and 2” react with antipeptide C serum 


Mi 





AB cD 


AB CD 


Fig2. Fluorographs of immunoblots of variant Mil, Mill, Milli, MiV, and St" erythrocytes. Lanes A, treated with antiglycophorin serum: 
lanes B., with antipeptide C serum: lanes C, with M MoAb; lanes D, with N MoAb. 
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Fluorographs of immunoblots of U-NN, He’, Wr"(—), and M® erythrocytes. Lane A, treated with antiglycophorin serum; lanes B, 


with antipeptide C serum; lanes C, with M MoAb; lanes D, with N MoAb. 


and with the N MoAb; this supports their proposed (ô-aæ) 
hybrid structure,'*'*"* 

The glycophorin profiles of He* and Wrb(—) cells are 
similar, under all conditions, to those of “normal” erythro- 
cytes (Fig 3). 


DISCUSSION 


Using gel electrophoresis followed by immunoblotting, we 
demonstrate the extent of structural polymorphism of glyco- 
phorins in randomly chosen individuals, as compared to 
known serologic variants of the M, N blood group system. 

The polyclonal antiserum to æ glycophorin of an MN 
individual is an excellent reagent for the visualization of most 
molecules of the glycophorin family, and the antiserum to the 
carboxyl-terminal peptide of a glycophorin as well as the M 
and N MoAbs provide insight into the integrity of specific 
regions of the glycophorin molecule. In particular, this 
approach allowed us to identify the ô glycophorin and its 
variants and to detect glycophorins with altered amino 
terminal regions. 

The presence of multiple bands in the gel patterns reflects 
partly the monomer-dimer relationship of a and ô glycopho- 
rins. Some bands observed in “normal” cells may represent 
other members of this family of proteins, for example, 
glycophorins in bands 3a and band 5. Glycophorin in band 3a 
may be a variant, and its lack of reaction with M and N 
MoAbs may be due to a sequence alteration or a lack of 
glycosylation within the amino terminal region. Reaction of 
the glycophorin in band 5 with both MoAbs in erythrocytes 
of all individuals of either M or N blood type is puzzling. Our 
findings could be explained by co-migration with y glycopho- 
rin of minor glycophorins carrying M and N epitopes; no 
such glycophorins have been described. These glycophorins 
are thought to be related to œ glycophorins since they all 
react with the antiserum to peptide C. 


The mostly invariant glycophorin profiles as determined 
here among the 52 individuals suggest that electrophoreti- 
cally definable variants are relatively infrequent. In addition, 
as part of another study,” 54 individuals (with different 
pathologies) were also found to have identical glycophorin 
patterns, confirming that immunoblotting-definable glyco- 
phorin variants are rare. These observations complement the 
serologic findings of low incidence of variants of M, N, S. s 
blood groups. Nevertheless, in our series of 41 Africans, two 
individuals whose profiles are different lack 6 glycophorin, 
and their phenotype is most likely S-s-U —. The frequency of 
approximately 5% observed here confirms the reported sero- 
logically defined frequency for the ethnic group we examined 
(Bantu-speaking Africans).” This frequency is high enough 
to qualify for a selection-balanced polymorphism and 
because glycophorins have been implicated in plasmodium 
falciparum invasion, this relationship is worth pursuing. The 
structural difference in glycophorin of band 5 that was 
observed with the other three individuals has not been 
reported previously. 

Our results with the serologically variant erythrocytes 
confirm and amplify the observations of other laboratories. 
This proved particularly significant in the case of hybrid 
glycophorins as found in Mi V or St? cells'*'*'* where 
reaction with antipeptide C serum or with the MoAbs could 
differentiate between the a-6 or 6-a hybrids and provided 
evidence that En(a_) cells used contained ô glycophorin. The 
use of the M and N MoAbs also confirmed the structural 
alteration in M? glycophorin'"' and in addition allowed us to 
conclude that Mi I glycophorin in band 4’ was altered in the 
amino-terminal region and differed therefore from the analo- 
gous protein in MII cells. 

The lack of an abnormal pattern in He* and Wrb(—) 
erythrocytes could be due to structural alterations of glyco- 
phorins that cannot be detected by the antisera used or to 
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mutations that do not alter the SDS-electrophoretic banding 
pattern. 

Our results indicate that the erythrocytes of eight of ten 
MNSs blood group variants, documented serologically, show 
differences from the “normal” cells in electrophoretically 
resolved glycophorin profiles and clearly demonstrate that 
serologic deviation is a manifestation of structural variation 
in one or more members of the glycophorin family of 
molecules. 

In a related approach, interactions with specific lectins 
have been used to probe variant glycophorin molecules 
resolved by gel electrophoresis of erythrocyte membrane 
proteins.” Merry et al used a series of MoAbs to a glycopho- 
rin to quantify the number of sites per erythrocyte.” In a 
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recent study Langlois et al proposed the use of flow cytomet- 
ric analysis of erythrocytes labeled with specific glycophorin 
MoAbs to detect and analyze variant forms of glycopho- 
rins.” 

We conclude from this study that immunoblotting tech- 
niques, with a carefully selected battery of polyclonal and 
monoclonal antibodies, are capable of providing an accurate 
qualitative picture of polymorphism of the glycopherin sys- 
tem, significantly amplifying serologic analyses. 
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Shear-Induced Platelet Aggregation Requires von Willebrand Factor and Platelet 
Membrane Glycoproteins Ib and IIb-IIlTa 


By D.M. Peterson, N.A. Stathopoulos, T.D. Giorgio, J.D. Hellums, and J.L. Moake 


Different types of platelets in various types of plasma were 
subjected to levels of shear stress that produce irrevers- 
ible platelet aggregation in normal platelet-rich plasma 
(PRP). At shear stresses of 90 or 180 dyne/cm’ applied for 
30 seconds or five minutes, aggregation was either absent 
or only transient and reversible using severe von Wille- 
brand's disease (vWD) PRP (<1% von Willebrand factor, 
vWF): Bernard-Soulier syndrome (BSS) PRP (platelets defi- 
cient in the membrane glycoprotein Ib, GPib}; normal PRP 
plus monoclonal antibody (MoAb) to GPib: thrombasthenic 
PRP (platelets deficient in membrane glycoprotein Hib-lila 
complex, GPlib-ifla); and normal PRP plus MoAb to GPllb- 
lia. Shear-induced aggregation was inhibited under the 
above conditions, even though the platelets were activated 


Po aggregation induced by various agonists in 
plasma is dependent on the binding of plasma proteins 
to specific ectoglycoprotein receptors on platelet surface 
membranes.’ Ristocetin, a cationic glycopeptide antibiotic, 
artificially promotes platelet clumping in vitro by inducing 
the binding of large factor VUI-related von Willebrand 
factor (VWF) multimeric forms to or near to platelet mem- 
brane glycoprotein 1b (GPIb) molecules. Adenosine diphos- 
phate (ADP), which is released (along with serotonin) from 
the dense granules of stimulated platelets, promotes platelet 
aggregation by inducing the attachment of fibrinogen to 
platelet membrane glycoprotein Hb-HHa complexes (GPIIb- 
Ilia). Thrombospondin, a protein released from the a- 
granules of stimulated platelets, stabilizes fibrinogen binding 
to platelet surface glycoprotein Hb-HIa complexes. Throm- 
bin-stimulated platelets are altered in a manner that enables 
their glycoprotein Ilb-I]la complexes to bind fibrinogen, 
thrombospondin, fibronectin, and, with low affinity, vWF 
multimers.” Thus vWF is capable—under different circum- 
stances—of binding both to glycoprotein Ib and to the 
glycoprotein Hb-Hla complexes on platelet surfaces. 

Patients with severe von Willebrand’s disease (vWD) have 
an inherited bleeding disorder associated with the near 
absence of VWF multimers from their plasma and from their 
platelet a-granules.? Von Willebrand’s disease platelets have 
normal platelet receptors for vWF multimer binding,’ and 
platelet aggregation in severe vWD PRP is normal in 
response to ADP and other agonists except ristocetin. The 
giant platelets of patients with the congenital bleeding 
disorder Bernard-Soulier syndrome (BSS) lack platelet 
membrane GPIb! and cannot bind vWF or aggregate in the 
presence of ristocetin.* Platelets in BSS PRP aggregate to 
ADP and other agonists. The platelets of patients with the 
severe form of the hereditary bleeding disorder Glanzmann’s 
thrombasthenia lack the platelet membrane GPIlb-I]la 
complex.’ Platelets in thrombasthenic PRP aggregate in 
response to the ristocetin-induced binding of vWF multim- 
ers.” ADP, epinephrine, and thrombin require for aggrega- 
tion the binding of fibrinogen to the GPIIb-IIla complex 
and, therefore, do not induce the aggregation of thrombas- 
thenic platelets.’ 
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to release their granular contents. Sheared norma: piate- 
lets in vWD plasma aggregated in response to added vWF. 
These studies demonstrate that the formation of stable 
platelet aggregates under conditions of high shear requires 
vWF and the availability of both GPib and GPilb-iila on 
platelet membranes. The experiments demonstrate that 
vWF-platelet interactions can occur in the absence of 
artificial agonists or chemical modification of vWF. They 
suggest a possible mechanism for platelet aggregation in 
stenosed or partially obstructed arterial vessels ir which 
the platelets are subjected to relatively high levels cf shear 
stress. 

© 1987 by Grune & Stratton, inc. 


Fluid shear stress applied in vitro to normal PRP can itself 
induce platelets to aggregate and secrete their granular 
contents in the absence of added agonists.” Shear stress may 
reach levels as high as 200 to 400 dyne/cm’ when arterial 
vessels become stenosed or partially occluded, as by 
arteriosclerosis or during vascular spasm. Thus platelet 
aggregation induced by shear stress may be of considerable 
importance both in normal hemostasis’* and in the patho- 
physiology of thrombus formation in small arteries. arteri- 
oles, and capillaries of the microcirculation." 

The present study was undertaken to evaluate the depen- 
dence of shear-induced platelet aggregation on plasma vWF 
and on platelet GPIb and the Hb-Hla complex and to study 
their involvement in the mechanism of shear-induced platelet 
aggregation. 


MATERIALS AND METHODS 


Whole blood samples were collected from 12 healthy adults and 
citrate as anticoagulant (one volume of anticoagulant to nine 
volumes of blood), The patients had severe vWD (one patient: 
plasma and platelet vWF levels <1% of normal): BSS (one patient); 
and thrombasthenia (one patient).*’*"° All have had life-long muco- 
sal and posttraumatic bleeding and prolonged template bleeding 
times. Platelet-rich plasma (PRP) and platelet-poor plasma (PPP) 
were prepared by centrifugation as described elsewhere.” The PRP 
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platelet count was adjusted to 300,000/4L with PPP. BSS PRP had 
a platelet count of 50,000/uL; however, the BSS platelets were four 
times the mean volume of normal platelets. 

The PRP samples were subjected to controlled shear stress levels 
in a Stainless steel cone-plate viscometer’ (Ferranti Electric Model 
781) at 24°C. Shear stress-induced platelet aggregation in this 
instrument has been demonstrated to be independent of any minimal 
platelet-surface interactions.” There was also no measurable attach- 
ment of vWF antigen or particular multimeric forms to the surface 
of the viscometer, with or without the application of shear stress, as 
studied by methods described elsewhere. The number of shear 
experiments with normal and patient PRP were normal PRP, 25 
experiments; severe YWD PRP, four experiments: BSS PRP, four 
experiments; and thrombasthenic PRP, two experiments. 

Some normal PRP samples were incubated for five minutes with 
monoclonal antibodies (MoAbs) prior to shearing in concentrations 
of 6 ug/mL (6D1 antibody against GPIb; ten experiments with five 
normal PRP samples); 10 g/mL (10E5 antibody against the 
GPIlb-Ila complex; six experiments with five normal PRP sam- 
ples); or 20 pg/mL (control MAB31 antibody that binds to an 
undefined platelet membrane antigen and produces no functional 
defect; four experiments with two normal PRP samples). Mono- 
clonal antibodies to GPIb (6D1) and GPHb-Hia complex (10E5) 
were generously provided by Dr Barry S. Coller of the State 
University of New York at Stony Brook, and we are grateful for his 
important contribution. The control MAB31 MoAb was produced in 
our laboratory by methods described by Coller et al." 

After shearing, 10 uL of PRP samples were dispensed in 20 mL of 
Coulter Isoton lH diluent containing 0.5% gluteraldehyde and were 
counted, Particle count and size distribution were done with an 
electronic particle counter (Coulter Electronics Model ZBI with 
Channelyzer) using a 50 wm diameter aperture. Particles with sizes 
+20% of the mean platelet distribution of the unsheared PRP were 
considered as “single platelets.” It is known, of course, that this size 
distribution range includes seme small aggregates consisting of 
doublets and triplets. However, studies in which EDTA was used to 
disaggregate control samples suggest that the “single platelets,” as 
reported here, agree with the actual platelet numbers (EDTA- 
treated) to within about 30%. The disappearance of “single plate- 
lets” was accounted for by the formation of platelet aggregates; thus 
the percent decrease in “single platelets” is directly related to the 
percent increase in platelet aggregates. Lactic dehydrogenase activ- 
ity (LDH) and “C-serotonin release from platelets were measured 
by methods described previously.”* 

Large vWF multimeric forms were purified from normal human 
cryoprecipitate by the method of Thorell and Blomback.’* 


RESULTS 


The dependence of shear-induced platelet aggregation on 
plasma vWF and on platelet GPIb and the GPIfb-Illa 
complex is shown in Figs | and 2. Normal platelets sheared 
in normal plasma at 90 or 180 dyne/cm’ for varying times 
were aggregated extensively. Exposure to shear stress for 30 
seconds or more resulted in platelet aggregation that could be 
observed directly and microscopically and was quantified as 
a decrease in the number of single platelets by nearly 80%. 
After five minutes of shearing some platelets disaggregated, 
as shown by the increase in particle count; however, about 
50% remained in stable aggregates. In contrast, stable plate- 
let aggregates failed to form in the shear fields using PRP 
from a patient with severe vWD; BSS (deficient in the 
ristocetin-induced binding component of GPIb);*° throm- 
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Fig 1. Effects of shear stress and shearing time on normal (O), 
Bernard-Soulier ((]), severe von Willebrand's disease (vWD) (a), 
and anti-GPlib antibody-treated (A) platelet-rich plasma. in {A) 
shear stress was 180 dyne/cm’; in (B) shearing time was five 
minutes. Symbols represent mean vaiues and bars one SD. 


basthenia (deficient in the GPHb-llla complex);* and 
normal individuals in the presence of MoAbs either to GPIb 
or to the GPHb-Hla complex. The shear-induced 
increases in particle counts observed in the BSS, thrombasth- 
enic, and anti-GPIlb-I}la-treated PRP was presumably due 
to dissolution of some microaggregates that were initially 
present before application of the shear field. 

The control MoAb (MAB31) that binds to human plate- 
lets at a site other than GPIb or the Hb-Hla complex did not 
impair shear-induced platelet aggregation in PRP, as shown 
in Fig 2. 

PRP consisting of normal platelets in severe vWD plasma 
prepared by methods described elsewhere,” sheared at 180 
dyne/cm’ for 30 seconds or five minutes, failed to produce 
aggregates (data not shown). Immediately following the 
shearing, PRP samples placed in an aggregometer aggre- 
gated in response to added vWF (100 U/dL). This extent of 
aggregation was significantly higher than in nonsheared 
PRP samples. Sheared PRP samples, which were incubated 
for five minutes after the shear, aggregated in response to 
added vWF to a degree intermediate between the unsheared 
control and the sheared but not incubated specimen. Other 
results (not shown) revealed that vWF did not attach to the 
viscometer and that vWF multimeric forms were not altered 
in the shear field. 
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Fig 2. Effect of time in the shear field on normal {O}, throm- 
basthenic {C}, anti-GPlilb-illa antibody-treated (A) control mono- 
clonal antiplatelet antibody (MAB31)-treated {a) platelet-rich 
plasma sheared at 90 dyne/cm’ {A}, and 180 dyne/cm’ (B). The 
bars denote one SD. 


PLATELETS IN SHEAR-vWF AND MEMBRANE GPs 





40 
35 
*. 30 
wn 
e pa $ 
2 i Pa ae 
e 20 Ko n Fig. 3. Effect of shear 
a a ee stress on ‘“C-serotonin release 
x ff Me from normal {O}, Bernard-Sou- 
Uy -O ’ r > 
1G Tae eres S fer (Ci), anti-GPib antibody- 
sp oza treated {A}, and anti-GPiib-ilia 
wo antibody-treated platelets (A) 


in platelet-rich plasma sheared 
for five minutes. 


3 30 §0 %0 i20 180 180 
Shear Stress, dyn/om* 


Platelets in the different types of samples released '“C- 
serotonin in response to shear stress (Fig 3). These results 
indicate that activation of the platelets occurred in the shear 
fields, even when there was little or no aggregation. 


DISCUSSION 


The present study has demonstrated that vWF and the 
availability of both GPIb and the GPIHb-IHa complex on 
platelet membranes are essential for aggregation at rela- 
tively high shear stresses, as may be attained in stenosed or 
partially occluded arterial vessels." '’ No externally added 
agonist (eg, ristocetin) or chemical modification of vWF (eg, 
desialation) is required for this effect. Our findings are 
compatible with other observations’? that implied the 


627 


involvement of vWF in platelet thrombus formation im a 
flowing system and with a preliminary report” of defective 
shear-induced platelet aggregation in vWD PRP. Our results 
may help to explain the disappearance of large vWF multim- 
eric forms during acute episodes of systemic platelet aggre- 
gation in thrombotic thrombocytopenic purpura’ and during 
extensive intrarenal platelet aggregation in the hemolytic- 
uremic syndrome.” Our results reported elsewhere” show 
that the large multimers are especially active in platelet- 
platelet binding in the shear field. 

It is possible that vWF attachment to platelets is necessary 
but not sufficient to cause aggregation during the application 
of relatively high shear stresses. Additional plasma proteins 
may be involved. Our results confirm the possibility 
expressed by others’’* that shear induces a direct alteration 
of platelet membrane GPIb and GPIIb-Illa complexes. 
According to this hypothesis, vWF attaches predominantly 
to GPIb, and this binding further perturbs the conformation 
of GPIlb-IIla; then additional vWF, along with fibrinogen 
(and, possibly, fibronectin), attach to the altered GPHb-IHa 
complexes and potentiate aggregation. 
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Gamma-Interferon in Aplastic Anemia: Inability to Detect Significant Levels 
in Sera or Demonstrate Hematopoietic Suppressing Activity 


By Beverly Torok-Storb, Gretchen Gloor Johnson, Raleigh Bowden, and Rainer Storb 


A radioimmunoassay (RIA) was used to quantitate biologi- 
cally active gamma interferon (INF-y) in sera and in super- 
natants of cultured mononuclear cells obtained from 50 
patients with aplastic anemia. Only five of the 50 serum 
samples had INF-7 levels above background (>0 < 0.5 units 
per mL). Detectable levels of spontaneous INF-¥ (0.3 to 868 
U/mL) were found in 18 of the 50 mononuclear cell 
supernatants tested. The addition of patient sera or INF-‘y 
positive supernatants to cultures of normal hematopoietic 
colonies did not result in reduced colony growth. Flow 
cytofluorimetric analysis of mononuclear cells failed to 


C" S participating in a response to foreign antigen 
grodu a cascade of lymphokines that serve to activate 
cellular functions required to direct and control the immune 
response. Among these lymphokines is a heterogeneous fam- 
ily of proteins known as interferons (INF). One specie of 
INF referred to as immune or gamma INF (INF-y) is 
produced by lymphocytes, particularly antigen-specific T 
cells and natural killer cells (NK).'* A recent review of 
INF-y has summarized the multitude of effects attributed to 
this lymphokine.” Among these effects is the inhibition of 
hematopoietic colonies grown in vitro.” This observation, 
together with the detection of high levels of INF-y in the 
serum of patients with aplastic anemia, has led to the 
hypothesis that INF-y is the mediator of hematopoietic 
suppression seen in these patients." 

The experiments presented in this report were designed to 
test the role of INF-y in hematopoietic suppression asso- 
ciated with aplastic anemia. The methodologies used took 
advantage of a recently developed solid phase radioimmune 
assay specific for biologically active INF-y.” 


MATERIALS AND METHODS 


Patient samples. Included in this study were samples obtained 
from 50 patients with severe aplastic anemia, After informed 
consent whole blood was obtained by venipuncture prior to treat- 
ment. Blood was collected into preservative-free heparin, diluted 1:1 
in Hanks’ balanced salt solution, (HBSS) and layered over Ficoll- 
Hypaque for centrifugation at 400 x G for 30 minutes. Interface 
mononuclear cells were collected, treated with hemolytic buffer, and 
washed three times as described previously.'° Serum samples were 
obtained from 3 mL clots, processed at 4 °C, and stored at — 80°C. 

Interferon measurements. UNF-y was measured in a solid phase 
radioimmunoassay (RIA), which employs B} antibody-coated poly- 
styrene beads as the immunoadsorbent and '**I-B3 antibody as a 
tracer (Centocor, Malvern, PA). Both the specificity of the mono- 
clonal BI and B3 antibodies and the sensitivity of the RIA have been 
described." Briefly, BI and B3 are mouse monoclonal antibodies 
(MoAbs) specific for natural and Escherichia coli-derived recombi- 
nant human INF--+. The two antibodies recognize different epitopes 
and do not compete for binding. 

Two sources of recombinant IN F-y were used to test the sensitiv- 
ity of the RIA. The first had a protein concentration of 1.4 mg/mL 
with an antiviral activity of 2.7 x 10’ IU/mL, as determined by its 
ability to inhibit cytopathic effects (CPE) of vesicular stomatitis 
virus on human amnion WISH cells compared to NIH Hul FN-y 
reference standard number G-023-901-527. When measured by the 
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establish a correlation between the presence of INF-y in 
supernatants and the number of activated T celis or natural 
killer (NK) cells in the mononuclear cell population. How- 
ever, a significant correlation did exist between the pres- 
ence of monocytes and the production of INF-y. Contrary 
to previous reports, our data suggest that patients with 
aplastic anemia do not have high circulating levels of INF-y. 
Unstimulated mononuclear cells from some patients will 
produce significant levels of INF-. but this does not result 
in decreased in vitro hematopoiesis. 
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RIA described above, this recombinant INF-y had an activity of 
7.78 x 10° U/mL. The second source of INF-y had an antiviral 
activity of 2.0 x 10° (NIH reference) U/mL and 3.8 x 10° U/ml by 
RIA. 

The biological activities of both sources were tested by their 
ability to augment NK activity against K562 tumor targets and were 
found to be consistent with their estimated degree of activity.” 

Immunofluorescence labeling. Ficoll-Hypaque-separated pe- 
ripheral blood mononuclear cells (PBMC) were resuspended at | to 
3 x 10°in 0.1 mL of RPMI 1640 with 20% fetal bovine serum and 
then labeled as described. ? Briefly, an equal volume of MoAb at an 
optimal dilution was added and the cells incubated at 4°C for 30 
minutes, washed twice, and then incubated an additional 30 minutes 
with 0.05 mL of fluorescein isothiocyanate-conjugated goat F(ab)2 
antimouse antibody (diluted 1:10). Labeled cells were then washed, 
fixed in normal saline with 1% paraformaldehyde, and stored in the 
dark at 4 °C until analyzed. 

Murine MoAbs specific for various human lymphohematopoietic 
surface antigens were used to label patient cells: antibodies 35.1 
(CD2), 66.1 (CD4), 51.1 (CD8), all provided by Dr John Hansen, 
were used to identify various T cell populations; TAC antibody (a 
gift from Dr Tom Waldmann) was used to identify cells expressing 
the IL 2 receptor; antibodies 20.3 (CDw14), and 60.1 (CD11), also 
from John Hansen, were used to identify monocytes and granular 
lymphocytes, respectively; commercially available antibodies Leu~7 
and Leu-11 were used to identify NK cells; antibody [FS was 
provided by Dr Ed Clark for the identification of B lympho- 
cytes +"? 

Cell sorter analysis. Fixed cells were analyzed by flow micro- 
fluorometry with use of a fluorescence-activated cell sorter (FACS 
IV, Becton Dickinson, Oxnard, CA) equipped with a five-decade 


F rom the Fred Hutchinson Canc er Research Center, Seattle. 


S upporied in park id Granis € 41822 7 on the Nationa! Cancer 
Institute. DHHS, HL36444 (formerly CA30924) from the National 
Heart, Lung, and Blood Institute, DHHS, and AM34431 from the 
National Institute of Arthritis, Diabetes, Digestive and Kidney 
Diseases, DHHS. 

Address reprint requests to Beverly Torok-Storb, PhD, Trans- 
plantation Biology, Fred Hutchinson Cancer Research Center. 1124 
Columbia St, Seattle, WA 98104. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore he hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact. 

«© 1987 by Grune & Stratton, Ine. 

0006-497 1/87/6902-0039$ 3.00/0 


629 


630 


logarithmic amplifier. Gluteraidehyde-fixed chicken red blood cells 
were used as standards before each analysis. For each sample the 
intensities of forward light seatter, 90° light scatter, and green 
fluorescence were determined fer 6 x 10° signals. Data was stored on 
a floppy disc for computer analysis. The fluorescence intensity of 
cells labeled with specific MoAbs was compared with that of cells 


treated with nonbinding control antibodies to determine the percent ` 


positive cells for a given surface determinant. 

Tissue culture. Mononuclear cells were cultured for one to 
seven days, +50 ug/mL PHA, in 10% fetal bovine serum and RPMI 
1640 at a concentration of | ta 2 x 10° cells per mL. Cells were 
removed from the cultures by centrifugation and the supernatants 
stored at —80°C until analyzed for INF-y levels or colony- 
inhibiting activity. 

Ficoll-Hypaque-separated bone marrow cells (BMC) or PBMC 
from normal donors were used as a source of hematopoietic precur- 
sor cells assayed as erythroid burst-forming units (BFU-E) and 
granulocytic-monocytic colony-forming units (CFU-GM). Both 
were grown in 0.9% methylcellulose, with 10% to 20% pooled human 
serum, 2% bovine serum albumin, and 3.0 U/mL of partially 
purified erythropoietin (Terry Fox Laboratories, Vancouver, BC). 
An exogenous source of burst-promoting and colony-stimulating 
activities was provided as supernatant from the MO-cell line (a gift 
from Dr D. Golde) and PHA-stimulated leukocyte-conditioned 
media: each was added at a final concentration of 4%. 


RESULTS 


Sensitivity of the RIA. Figure | shows the linear rela- 
tionship between bound '”1-B3 antibody measured as counts 
per minute (cpm) and units per milliliter of INF-y added by 
serial twofold dilutions of a standard recombinant INF-y 
source. Comparable data were obtained with two additional 
sources of recombinant INF-y. The assay is linear between | 
and 50 U/mL as reported; therefore samples with greater 
than 50 U/mL activity were diluted for a second measure- 
ment. 

Stability of INF-y. The stability of INF-y in fresh 
human serum was evaluated. The data presented in Table | 
indicate that serum samples can be held at least 24 hours at 
22°C before storage at —80°C without losing activity. 
Nevertheless, all patient sera were processed at 4 °C within 
six hours of procurement and then stored immediately at 
~80°C until analyzed. The stability of INF-y in culture 
media stored at —80°C was also assessed. Four culture 
supernatants containing detectable levels (47, 41, 22, 14 
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Fig1. Standard curve showing the average counts per minute 
(cpm) on the vertical axis obtained for each of the IFN-y concen- 
trations prepared as twofold serial dilutions of a recombinant 
INF- source. Background (ie, O u/mL} averaged 159.5 cpm and 
was subtracted from all counts prior to calculation of the standard 
curve. 
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Table 1. Stability of INF-y in Fresh Human Serum as a Function 
of Time Prior to Storage at — 80°C 
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U/mL INF-y Added 0 Minutes Six Hours 24 Hours 
2 875* (17.3) 766 (0.9) 887 (1.33 
4 1035 {19} 1392 (3.1) 4270 (2.7) 
8 2421 (6.9) 2604 (7.6) 2512 {7.2} 
40 15830 (37.1) 15020 {35.1} } 


14280 (33.3 
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U/mL) were assayed a second time after an additional 
month of storage. The second measurement of all four 
samples (49, 37, 25, and 14, respectively) varied less than 
10% from the original. 

INF-y in sera and supernatants. Forty-five of the 50 
serum samples tested in this assay had no detectable amounts 
of INF-y. Five samples had levels above background that 
were calculated to constitute less than 0.5 U/mL. 

Mononuclear cells from bone marrow and peripheral 
blood were cultured with and without PHA for seven days. 
Culture supernatants were sampled daily and assayed for 
INF-y. Figure 2A shows that plateau levels of INF-y were 
obtained by day 3 from PHA-stimulated normal blood or 
marrow mononuclear cells and that no INF-y was detected 
when PHA was not added to cultures. Figure 2B shows that 
plateau levels of INF-y were also reached by day 3 in 
cultures of PHA-stimulated blood mononuclear cells 
obtained from four representative aplastic anemia patients. 
Cells from two patients produced significant levels of IN F-y 
without mitogen stimulation. Subsequently, supernatants 
were routinely harvested at day 3 from cultures of unstimu- 
lated patient peripheral blood mononuclear cells to assess 
spontaneous production of INF-y. Detectable levels of INF- 


observed in 18 of the 50 samples tested. Data on INF-y 
production by patient marrow cells was not obtained because 
marrow mononuclear cells obtained from aspirates of 
patients either contained too few cells for culture or were so 
heavily contaminated with blood that they were indistin- 
guishable by FACS analysis from PBMC. 
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Fig 2. Production of INF-y U/mL by mononuclear cells cul- 
tured with PHA (solid circles) and without PHA (open circles); data 
obtained from normal blood derived (PBMC) or marrow derived 
({M) mononuclear cells is shown in {A}, whereas data obtained from 
aplastic anemia patient PBMC are shown in (B). 
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Table 2. Comparative Analysis of Peripheral Blood Mononuclear Celis Used to Generate Cultured Supernatants Either Positive (Group A) 
or Negative (Group B) for Spontaneous INF-y Production 
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Group A Group B 

n= 18 = 32 
INF~y U/mL 34.8 (0.3-890)* Q 
Ratio heiper:suppressor T cells 1.6 (0.3-2.9) 1.7 0.6-4.6} 
% IL2 receptor positive cells 10.6 (0-27.6) 10.8 (1.3-37.4) 
% Leu~?7 positive cells 12.5 (0-26.93) 17.6 (3.4-47.6} 
% Leu-11 positive celis 11.4 (0-38.5) 10.1 (1.0-24.5} 


% CD-11 positive cells 
% Monocytest 





*Data are shown as mean (range) of all observations. 


24.1 (6.6-47.4) 
11.2 (2.0-24. 1) 





25.8 (8.1-87.7)} 
< 1.6 (<1,0-8.5)4¢ 
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t+Monocytes were identified by farge size, failure to label with T and B cell specific antibodies, and positive labeling with antibodies 20.3 (COw 14), 


60.1 (CD11), and p4.1 (HLA-DR). 


{Twenty-three of 32 samples in group B had <1.0% detectable monocytes; for computation of the mean these samples were scored as 1.0. 
Therefore our statistical analysis represents a very conservative estimate of the differences between group A and group B. 


Flow cytofluorometric analysis. Indirect immunofluo- 
rescence labeling and flow cytofluorimetric analysis (FACS) 
was used to compare the composition of PBMC between 
samples that produced spontaneous INF-y and samples that 
did not. As shown in Table 2, PBMC that produced INF-y 
(group A) had the same helper:suppressor T cell ratios, 
percent activated T cells, and percent HNK~—1! (Leu—7) 
positive cells as the PBMC that did not produce INF-y 
(group B). In contrast to these similarities, the PBMC from 
group A had a significantly (P < 0.001) greater percentage 
of monocytes than found in group B. The majority of the 
PBMC populations in group B (23 out of 32) had less than 
1% monocytes as determined by FACS analysis of 6 x 10° 
total cells. 

INF-y effects on hematopoietic colony growth. Super- 
natants from cultured PBMC were added at a final concen- 
tration of 10% to in vitro assays of hematopoietic precursors. 
Table 3 summarizes the data obtained in one representative 
experiment, which indicates that INF-y positive superna- 
tants had no significant effect on BFU-E or CFU-GM 
growth. All 18 INF-y positive supernatants were tested in 
cultures of normal blood derived BFU-E. BFU-E numbers 
obtained in cultures with INF-y positive supernatants 
ranged from 90% to 120% (mean 101.5) of growth obtained 
in control cultures without supernatants. Ten supernatants 
with no detectable INF- were also tested; BFU-E growth in 
the presence of negative supernatants ranged from 46% to 
160% (mean = 94.3) of control growth. 


Table 3. Representative Experiment Showing the Effect of 
Supernatants From Cultured Mononuclear Cells on the Growth of 
Normal Erythroid Burst Forming Units (BFU-E) and 
Granulocytic /Monocytic Colonies (CFU-GM) 





Mean + SE colonies/ 10° Celis 


Supernatants Added* BFU-E CFU-GM 
None 61+ 0.7 24 + 3.2 
Normal {0 U/mL INF-y) 52+ 6.4 25 + 2.7 
Patient 1 (868 U/mL InF~y) 58+ 3.5 23 + 1.8 
Patient 2 (0 U/mL INF-y) 64 + 9.1 21+ 3.3 
Patient 3 (83.6 U/mL INF-y¥) 51+ 4.9 19 + 2.7 





* All supernatants were harvested from cultures of unstimulated PBMC 
at day 3 of incubation. 


The effect of 10% patient serum on the growth of normal! 
BFU-E was also evaluated. None of the 20 samples studied 
contained growth inhibiting activity (data not shown}. 


DISCUSSION 


Severe aplastic anemia most likely results from several 
different pathogenic mechanisms.” Clinical data showing 
recovery in a proportion of patients after cytoreductive or 
immunosuppressive therapy strongly suggest that in some 
cases aplasia must be caused by mechanisms extrinsic to the 
stem cell. Investigators have focused on activated T cells 
or NK cells and their products as the possible effectors of this 
mechanism with the stem cell or the putative hematopoietic 
regulatory cell as the target.” Recently particular empha- 
sis has been placed on INF-y elaborated by activated T 
lymphocytes as the direct mediator of hematopoietic sup- 
pression. #34379 

Implicating INF-y as a direct effector of hematopoietic 
suppression in vitro has primarily involved studies that used 
partially purified sources of INF-y. Recent findings, how- 
ever, suggest that even the most purified preparations of 
IN F-y have been contaminated with lymphotoxins that may 
be responsible for growth inhibition.” Recently Raefsky et al 
reported that colony growth could be inhibited with a ho- 
mogenous preparation of recombinant INF-y: however, the 
extent of inhibition was influenced by culture conditions such 
that maximum inhibition required suboptimal concentra- 
tions of fetal bovine serum.“ In contrast to this, Trinchieri 
and Perussia have reported studies that showed that even 
high doses of recombinant IN F-y did not significantly inhibit 
colony formation.” 

The association of INF-y with aplastic anemia came from 
the observations that relatively high levels of INF-y could be 
detected in patient serum and in supernatants from cultured 
patient cells.* The presence of INF-y was determined in 
those studies by its ability to inhibit the cytopathic effects of 
vesicular stomatitis virus on human amnion WISH cells. The 
presence of INF-y in serum of aplastic anemia patients 
seemed reasonable, since their peripheral blood mononuclear 
cells also contained an elevated number of activated lympho- 
cytes that are reported capable of producing INF-y. How- 
ever, using a very sensitive and reproducible RIA specific for 
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biologically active INF-y, we were unable to detect elevated 
levels of INF-y in the serum of aplastic anemia patients. 

The difference between our serum results and those previ- 
ously reported could possibly be attributed either to a 
qualitative difference between patient groups or the possibil- 
ity that the bioassay of virus inhibition may be detecting 
several activities, whereas the RIA is only detecting INF-y. 
Ideally, the same serum samples should be evaluated in both 
assays, Recently Hinterberger et al, using both the standard 
bioassay and the Centocor RIA, reported that IN F-y was not 
detected in the serum of patients with aplastic anemia.” 

We also measured the release of INF-y from cultured 
peripheral blood mononuclear cells (PBMC). PHA stimu- 
lated PBMC from both patients, and normals produced 
significant amounts of INF-y, which reached plateau levels 
by day 3 of incubation. Unlike normal PBMC, cells from 
some patients released significant levels of INF-y without 
PHA stimulation as previously reported.* This spontaneous 
release also reached plateau levels at day 3. Therefore, all 
patients were subsequently tested for spontaneous INF-y 
production at day 3 of culture: 18 of the 50 samples tested 
had detectable levels. All 18 supernatants were tested for 
their ability to inhibit growth of hematopoietic colonies, and 
none showed significant inhibition. As a group the INF-y 
positive supernatants had the same effect on BFU-E growth 
as INF-y negative supernatants. Sera from these patients 
had no inhibitory effect on normal BFU-E growth. These 
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observations are in agreement with those obtained by David 
Nathan and colleagues who studied a series of 15 patients 
and failed to demonstrate any inhibitory activity in patient 
sera (personal communication). 

The ability of the cultured PBMC to produce INF-y did 
not correlate with the presence of activated T lymphocytes or 
HNK-1 positive cells; however, INF-y production was sig- 
nificantly (P< 0.001) correlated with the presence of 
greater than 1% monocytes. 

Since INF-y production by T lymphocytes and NK cells 
has been shown to be dependent upon the secretion of 
interleukins by accessory ceils,” it is not surprising that we 
found ar association between the absence of monocytes in 
patient PBMC and the inability of the PBMC to produce 
INF-y. We cannot be certain at this time whether the 
relative paucity of monocytes recovered from the majority of 
patients reflects problems associated with cell separation and 
recovery or the real consequences of a disease process. If our 
assessment of monocyte number accurately reflects the in 
vivo situation, it becomes reasonable to hypothesize that 
insufficient numbers of monocytes could contribute to 
immune dysfunction, and given that the immune system may 
serve in some capacity to regulate hematopoiesis, such 
immune dysfunction could serve to maintain marrow failure. 
The data presented in this report, however, do not support 
the hypothesis that IN F-y is the direct effector of “immune- 
mediatec” aplasia. 
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Inosine Monophosphate Dehydrogenase and Myeloid Cell Maturation 


By Robert D. Knight, John Mangum, Diane L. Lucas, David A. Cooney, Ernest C. Khan, and Daniel G. Wright 


in previous studies of purine ribonucleotide metabolism in 
the human myeloid leukemia cell line HL-60, we observed 
that there is a down-regulation of guanine ribonucleotide 
biosynthesis from the central intermediate, inosine mono- 
phosphate (IMP) and a depletion of intracellular guanosine 
triphosphate (GTP) and guanosine diphosphate (GDP) 
pools that occur during the induced maturation of these 
cells. We also found that inhibitors of IMP dehydrogenase, 
the enzyme that catalyzes the first step of guanylate 
synthesis from IMP, are potent inducers of HL-60 matura- 
tion. Because of these observations we specifically investi- 
gated the activity of IMP dehydrogenase in HL—60 cells and 
in a new inducible human myeloid leukemia cell line, 
RDFD2-25, both during maintenance culture and during 
induced maturation of the cells. Enzyme activity was exam- 
ined directly in cell extracts with a radiometric assay that 
measures free “H,O formed from [2-°H] IMP during the 
conversion of IMP to XMP. Uninduced HL--60 and RDFD2 
cells in maintenance culture were found to have high levels 


HE NEOPLASTIC cells of acute myelogenous leuke- 
mia are characterized by an inability to undergo nor- 
mal terminal differentiation. However, defects of differentia- 
tion in leukemic cells are not necessarily complete. Leukemic 
cells may display variable degrees of maturity in individual 
patients, and they may retain a capacity for spontaneous 
maturation when placed in primary tissue culture.” Further- 
more, a number of continuously maintained, myeloid leuke- 
mia cell lines have been established that undergo maturation 
when exposed to a variety of chemical agents in vitro.’ 
Understandably these cell lines have attracted considerable 
investigative interest since they appear to provide an oppor- 
tunity to define basic mechanisms underlying the blockade of 
terminal differentiation in leukemia. 

The HL-60 cell line, originally isolated from the leukemic 
blasts of a patient with acute promyelocytic leukemia,’ has 
been the object of particularly extensive investigation. This 
cell line can be induced experimentally to undergo a form of 
terminal differentiation with which the cells acquire func- 
tional and morphological characteristics of mature neutro- 


discrete changes in the intracellular production and supplies 
of guanine ribonucleotides guanosine triphosphate [GTP] 
and guanosine diphosphate [GDP] are associated with 
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of IMPD activity (5.2 to 5.7 pmol IMP metabolized/10’ 
cells/min) compared with normal neutrophils and mono- 
cytes that had been purified from blood (<1.5 pmol IMP 
metabolized/10’ cells/min). However, when HL-60 and 
RDFD2-25 ceils were induced to mature with retinoic acid 
(10°° mol/L), dimethylformamide (6 x 10°? mol/L), or a 
known IMPD inhibitor, tiazofurin (10° mol/L), IMPD activ- 
ity in the cells fell by 51% to 80% within three to six hours. 
These changes in IMPD activity preceded detectable func- 
tional and antigenic maturation of the cells by at least 12 
hours and were not temporally related to changes in 
cellular proliferation. These findings are consistent with 
the concept that the regulation of myeloid cel! maturation 
may be influenced by intracellular concentrations of gua- 
nine ribonucleotides because IMP dehydrogenase activity 
is known to be rate limiting for the production of these 
nucleotides. 

® 1987 by Grune & Stratton. inc. 


induced maturation of these cells.’ Intracellular concentra- 
tions of guanine ribonucleotides were found to fall during 


to diminished nucleotide biosynthesis. Furthermore, changes 
in guanylate production during induced maturation were not 
accompanied by comparable changes in adenylate produc- 
tion or in intracellular adenosine nucleotide concentrations. 

Studies of purine nucleotide biosynthesis using radiola- 
beled precursors to examine both the de novo and purine 
salvage pathways during HL-60 cell maturation focused our 
attention upon the first step of guanylate biosynthesis from 
the central intermediate inosine monophosphate (IMP), cat- 
alyzed by the enzyme IMP dehydrogenase (IMPD). This 
step appeared to be the point at which guanylate biosynthesis 
is selectively down-regulated during induced maturation of 
these cells. We therefore examined the effects of known 
inhibitors of IMPD upon HL—60 cells and found that these 
agents (eg, mycophenolic acid, 3-deazaguanosine, and 2- 
8-D-ribofuranosylthiazole-4-carboxamide [tiazofurin]) not 
only selectively inhibit guanylate biosynthesis in the cells, as 
expected, but also induce the cells to mature. t? 

These findings were of particular interest because of 
previous reports by others suggesting that IMP dehydroge- 
nase activity in cells may be relevant to neoplastic transfor- 
mation and/or to cellular maturity. Rat hepatoma cells!°!! 
and human leukemic blasts’? have been found to express high 
levels of IMPD activity when compared to normal, differen- 
tiated cells of the same tissues. Moreover, such differences in 
IMPD activity, which distinguish normal from neoplastic 
cells, could not be explained simply by differences in cellular 
proliferation." 

In the studies reported here, we used a radiometric assay 
of IMPD to study the activity of this enzyme directly in 
HL-—60 cells and in a new human myeloid leukemia cell line, 
RDGD2-25.° 

Cells were studied both in maintenance culture and during 
induced maturation. Results confirmed our impression that a 
down-regulation of IMPD occurs early during the induced 
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maturation of myeloid leukemia cells, and they lend support 
to the concept that the intracellular supplies of guanine 
ribonucleotides, which are determined by the activity of this 
rate-limiting enzyme for guanylate synthesis, may have a 
role in the regulation of myeloid cell maturation. 


MATERIALS AND METHODS 


Human myeloid leukemia cell lines. Continuous suspension 
cultures of the HL-60 cell line were established initially from seed 
cultures obtained from the laboratory of Dr Robert C. Gallo 
(National Cancer Institute, Bethesda, MD). Additional stocks cryo- 
preserved at passage || following the original establishment of this 
line, were obtained from the American Type Culture Collection 
(Rockville, MD). Cells were maintained in RPMI 1640 medium 
supplemented either with 10% heat-inactivated (56 °C for 30 min- 
utes) fetal bovine serum (Reheis Chemical, Phoenix, AZ) or with 
insulin (6 wg /mL), transferrin (5 ug/ mL), and selenium (3 nmol/L) 
(Sigma, St. Louis). In our studies serum-free medium supplemented 
with insulin, transferrin, and selenium is referred to as ITS medium. 
Cells were cultured in 75-cm* tissue culture flasks (Falcon Plastics, 
Becton Dickinson, Oxnard, CA) and incubated at 37°C in a 
continuously maintained environment with 7% CO, and 100% 
humidity, Cell counts in culture specimens were determined by 
hemocytometer chamber counting, and the viability of cells was 
assessed by dye exclusion using 0.1% trypan blue (MA Bioproducts, 
Walkersville, MD). Morphology of cells was examined with cytospin 
preparations stained by Wright-Giemsa. For maintenance cultures, 
cells were passed by resuspending them in fresh nutrient media at a 
concentration of 2 x 10° cells/mL every three to five days. Cells 
were studied at maintenance passages 20 to 30. 

The RDFD2 cell line was isolated from the peripheral blood blasts 
of a 56-year-old man with acute myelogenous leukemia (FAB class 
M1).'? Shortly after diagnosis the patient died from a cerebral 
hemorrhage and was found to have diffuse leukemic infiltration of 
the brain, lymph nodes, and central organs. Leukocytes were 
obtained for culture at the time of diagnosis when the WBC count 
was 188,000/uL (71% blasts, 5% promyelocytes or myelocytes, and 
2% lymphocytes). Leukemic blasts were peroxidase positive and 
a-napthol butyrate esterase negative. These cells were separated 
from blood by Hypaque-Ficoll gradient centrifugation and then 
cultured in RPMI 1640 supplemented with 20% fetal bovine serum 
(Reheis), ITS, and 10% PHA-stimulated, human lymphocyte-condi- 
tioned media (LCM) at a cell concentration of | x 10°/mL. After 
three weeks initial culture at 37 °C with 7% CO,, additional medium 
was added and then renewed weekly by demidepletion with gradual 
withdrawal of the fetal bovine serum (FBS) and LCM. By eight 
weeks cells were continuously maintained (average doubling 
time = 56 hours) in RPMI, ITS, and 10% FBS. These cells showed a 
limited but stable capacity to undergo induced myeloid maturation. 
This initial RDFD2 line was then cloned by limiting dilution, and 
derivative lines were isolated, which demonstrated either limited 
degrees of induced maturation or prominent myeloid maturation 
when exposed to inducing agents. Two such derivative lines, 
RDFD2-25 (inducible) and RDFD2-4 (noninducible), were exam- 
ined in the studies reported here. Like the HL~60 cells, RDFD2 cells 
were resuspended in fresh nutrient media every three to five days. 
These cells were studied at maintenance passages 20 to 40. 

Induced maturation of HL-60 and RDFD2 cells. Before IMPD 
levels were studied in leukemic cell lines during induced maturation, 
the cells were adapted to and maintained in serum-free ITS media 
for at least three passsages. Cells in log-phase growth (two to three 
days following media change) were induced to mature by inoculation 
into fresh ITS media supplemented with a variety of inducing 
compounds. Final concentrations of inducing agents were retinoic 
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acid (Sigma), 1.0 wmol/L; dimethylformamide (Eastman Kodak, 
Rochester, NY), 60 mmol/L: and 2-9-D-ribofuranosyithiazole- 
4-carboxamide (or tiazofurin, obtained from the Drug Synthesis and 
Chemistry Branch, DCT, NCI, NIH, Bethesda, MD), 1.0 wmol/L. 
Induced maturation of the cells was assessed by previously described 
methods for determining NBT reduction,"'* phagocytosis of opso- 
nized yeast,® and reactivity to the monoclonal antibody (MoAb) 
OKM1 (Ortho Diagnostics, Raritan, NJ) detected by FACS analy- 
sis. 

For certain studies HL-60 cells were incubated for four days with 
and without 5 mmol/L a-difluoromethyl ornithine (DFMO) (Mer- 
rell Dow, Cincinnati), which arrests cellular proliferation but does 
not induce maturation.’® For these studies cells were placed into 
fresh ITS media with and without DFMO every 24 hours as 
described previously.’ 

Measurement of IMP dehydrogenase in cell extracts, Cell 
pellets (containing 5 x 10° to 5 x 10’ cells) were disrupted by 
sonication in 1.0 mL Tris buffer (0.1 mol/L Tris-HCI, 0.02 mol/L 
KCI, 1.0 mmol/L dithiothreitol, pH 8.1) over ice. Sonicates were 
then centrifuged at 12,000 x g., and IMPD was extracted from the 
supernatant by acid precipitation with 0.5 mL of 1.0 mol/L sodium 
acetate, pH 5.0, added to 1.0 mL of supernatant. After a two-minute 
repeat centrifugation at 12,000 x g, the pelleted precipitate was 
redissolved in 500 uL Tris buffer, pH 8.1. Insoluble materials were 
eliminated by recentrifugation and the supernatant extract used as 
an enzyme source. Total protein concentrations in cell sonicates and 
in cell extracts were determined by the Bio-Rad colorimetric method 
(Bio-Rad Laboratories, Richmond, CA). 

IMPD activity in cellular extracts was then measured by a 
radiometric assay, modified from methods previously reported by 
Cooney et al.” This assay is based upon the recovery of tritiated 
water produced during the IMPD-mediated generation of XMP 
from [2-H] IMP. For the assay 100-uL aliquots of cell extracts were 
incubated at 37 °C with 50 uL of allopurinol (20 mol/L); 50 gt of 
0.1 mol/L uridine (Sigma), and 5 uL of [27H] IMP [200 uCi/mL; 
225 nmol/mL; prepared from {2-°H] hypoxanthine as described 
previously] with NAD (Sigma; final concentration = 70 mol/L) 
in a total reaction volume of 205 ul. The IMPD reaction was 
terminated after incubation at 23°C for zero to 120 minutes by 
applying 100-uL aliquots of the reaction mixtures to replicate 6 x 30 
mm Dowex-I-C1” columns (Bio-Rad). followed by elution of the 
columns with. 1.9 mL distilled H,O and collection of eluants in 
scintillation vials with 20 mL Hydrofluor (National Diagnostics, 
Summerville, NJ). In this assay, anion exchange resin columns, 
which absorb unreacted [2-H] IMP while °H,O is eluted, were used 
instead of saturated KOH solution as originally described!’ to 
separate the reaction products. This modification improved the 
reproducibility and efficiency of the assay in our hands; nonetheless, 
results were similar with both versions of the radiometric assay. The 
radioactivity of released tritium was measured in a beta-scintillation 
counter and converted to pmol of IMP metabolized per minute. 
Enzyme activity was expressed both in relationship to the number of 
cells extracted and to total extracted protein added to the reaction 
mixture. 

The specificity of the dehydrogenation reaction of IMP to XMP 
was confirmed by reverse phase and ton exchange chromatography,” 
and by comparing reaction conditions with and without added NAD. 
Breakdown of the radiolabeled IMP to inosine by nonspecific 
phosphatase activity was minimal (5% of total radioactivity) to 
undetectable. 

Measurement of intracellular purine ribonucleotide concentra» 
tions. Purine ribonucleotides in perchlorate extracts of 2 x 10° cell 
pellets were analyzed by reverse phase HPLC using an anion 
exchange, microparticulate column (Partasil-10 SAX; Whatman, 
Clifton, NJ) as described previously.* Ribonucleotide (GTP and 
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ATP) concentrations (nmol/10’ cells) were derived from chromato- 
graphic peaks detected by UV absorbance at 254 nm, which were 
related to standards chromatographed at known concentrations. 

Purification of normal peripheral blood neutrophils and mono- 
cytes. Neutrophils and monocytes were separated from venous 
blood samples (40 to 100 mL) obtained from norma! volunteers. 
Neutrophils (>95% purity) were isolated by dextran sedimentation 
of whole blood followed by centrifugation on Hypaque-Ficoll density 
gradients (Ficoll-Paque; Pharmacia, Piscataway, NJ) and hypotonic 
lysis of residual erythrocytes. Blood monocytes (>90% purity) were 
isolated from the buoyant mononuclear cells, recovered from Hypa- 
que-Ficoll gradient-separated blood, by counter-flow elutriation as 
described previously." 

Presentation and statistical analysis of results. Unless other- 
wise noted, results are expressed as mean values + the standard error 
of the mean for replicate measurements. P values for the statistical 
significance of differences were determined by the Student's £ test. 


RESULTS 


IMP dehydrogenase activity in human myeloid leukemia 
cells lines and in normal blood leukocytes. IMPD activity 
was readily detected in extracts of HL—60 cells harvested 
from maintenance culture. Dehydrogenation of IMP by 
extracts of 2 x 10’ HL-60 cells was linear during the first 20 
minutes of incubation with radiolabeled substrate but slowed 
thereafter. Therefore attention was given to using incubation 
times and sample dilutions that would conform to linear 
reaction conditions. Under such conditions IMPD activity 
was directly related both te the numbers of cells from which 
extracts were prepared (within a range of 1.0 to 3.0 x 10’ 
cells) and to the protein content of cell extracts (within a 
range of 0.2 to 3.0 mg cell protein). 

Consistent with previous reports that leukemic blast cells 
have higher levels of IMPD than do mature leukocytes,” 
both HL-60 and RDFD2-25 cells were found to have 
substantially higher levels of IMPD activity than did puri- 
hed, normal blood neutrophils or monocytes. Levels of 
IMPD activity expressed as pmol IMP metabolized/10’ 
cells/minute (+ SEM, n = 6) were 5.7 + 0.5 and 5.2 + 0.2 
for HL-60 and RDFD2-25 cells respectively, compared with 
L.I + 0.4 and 1.4 = 0.4 for neutrophils and monocytes: 
IMPD levels expressed as pmol IMP metabolized/mg cell 
protein/min (+ SEM, n = 6) were 27.6 + 2.2 and 20.6 + 0.8 
for HL-60 and RDFD2-25 cells, compared with 4.5 + 1.7 
and 7.5 + 2.3 for neutrophils and monocytes. 

IMP-dehydrogenase activity in myeloid leukemia cells 
during induced maturation. Substantial decreases in 
IMPD activity were observed in HL—60 cells by three hours 
of incubation with agents that induced maturation of the 
cells (Figs 1A and 1B); these decreases in IMPD activity 
were apparent both when enzyme activity was expressed in 
relationship to cell numbers and when expressed in relation- 
ship to milligrams of extracted protein assayed. The most 
rapid decline in IMPD activity was observed in cells treated 
with tiazofurin; in these cells IMPD levels were decreased by 
more than 75% within six hours and remained low thereafter 
(The slight rise in IMPD levels between six and 24 hours 
apparent in Figs 1A and 1B is not statistically significant). 
The decline in IMPD activity in cells treated with retinoic 
acid and dimethylformamide was somewhat more gradual 
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Fig 1. Rapidly declining IMP dehydrogenase activity in HL—60 
celis during incubation with inducing agents. IMPD activity is 
expressed both in terms of milligrams of cell protein extracted (A) 
and in terms of number of celts extracted (B). Results represent 
mean values + SEM from six replicate studies. Solid circles: 
control celis not exposed to inducing agents; open circles: cells 
incubated with retinoic acid (10°° mol/L); open triangles: cells 
incubated with dimethylformamide (60 mmol/L}; open squares: 
cells incubated with tiazofurin (10 *mol/1). 


than in tiazofurin-treated ceils but was fully established by 
12 hours of incubation with the inducing agents. In all cases 
substantially decreased IMPD levels were detectable at least 
12 to l€ hours before cellular maturation was apparent 
either by measurement of phorbol diester-stimulated NBT 
reductior, by measurement of the myeloid surface antigen 
OKM1 (Figs 2B and 2C), or by measurement of phagocytic 
activity (data not shown). 

Changes in IMPD levels during induced maturation of 
HL-60 cells were not related temporally to changes in 
cellular proliferation. IMPD levels fell markedly during the 
first 12 hours of induction (Figs 1A and IB) before signifi- 
cant changes in the cell growth rate (P < 0.05) were 
observed (Fig 2A). Furthermore, DFMO, which markedly 
inhibits HL-60 cell growth but does not induce maturation, 
was not found to cause either decreased IMPD levels in the 
cells or changes in intracellular guanine ribonucleotide con- 
centrations, unlike the maturation inducers, retinoic acid and 
dimethylformamide (Table 1). 

Decreased IMPD levels in association with induced 
myeloid maturation were also observed in another human 
leukemia cell line, RDFD2--25. This line was isolated from a 
patient with acute myelogenous leukemia, FAB class M1 
(see “Materials and Methods” section) and is unrelated to 
the HL-50 line. As in HL~60 cells, IMPD activity in 
RDFD2-25 cells was decreased by more than 50% within six 
hours of :ncubation with retinoic acid, dimethylformamide, 
or tiazofurin and remained at these diminished levels during 


IMP DEHYDROGENASE AND MYELOID CELL MATURATION 637 








A Cel Proideration vac, B NET Reduction : 
T w a i 
n WoO "A 
Tene ' = & 
T o 
36 { w O 
E i ae 
a ra a 
e as Pai = ou. 
os > iz 24 ae 
ee C  Acquisiten af ORM} Antigen 
3B 6O H aG p : i E a 
aS ae | : 
2 52 j- — Ẹ eok i 
E i s 0 
40 E oOo S 46 H 
| £ 2 f 
30t 


Q 
m 2 iá 





g RD Sek AAE AEEA PEE S rere Sores ty 
T e t2 24 4a 72 
Hours in Culture Hours m Culture 


Fig 2. (A) Increase in cell numbers during 72-hour culture for HL-60 cells incubated without inducing agents (closed circles), with 
retinoic acid, 107° mol/L (open circles}, with dimethyl-formamide, 60 mmol/L {open triangles), or with tiazofurin, 10°° mol/L iopen 
squares). Results represent mean values + SEM from four replicate studies; data points marked with an asterisk (*} are significantly 
different from control data for cells incubated without inducing agents {P < 0.05). {B and C) Acquisition of functional maturity by HL-60 
cells incubated with inducing agents: (B) NBT reduction by 10° cells stimulated with phorbol myristate acetate (100 ng/mL} for 30 minutes 
(NBT reduction is expressed as A OD units ,,,/30 minutes); (C) Percent of celis expressing the OKM1 antigen. Cross-hatched horizontal 
bars represent limits of mean values + 2 SD from six separate studies for control, uninduced cells examined at 0, 12, 24, and 48 hours of 
incubation. Open circles: cells incubated with retinoic acid (1 0°* mol/L}; open triangles: cells incubated with dimethylformaride (60 
mmol/L); open squares: cells incubated with tiazofurin (10°° mol/L). Results are mean values from triplicate measurements. 


subsequent culture. A separate strain of RDFD2, RDFD2-—4, central purine intermediate, IMP, whereby IMP is converted 


which was segregated from the parent RDFD2 isolate fol- to XMP. This irreversible reaction is known to be subject to 
lowing the eighth passage of this line by a limiting dilution both negative and positive feedback controls and to be rate 
cloning technique, was found to be resistant to maturation limiting for the formation of guanine ribonucleotides in cells 
induction. These cells showed no decrease in IMPD activity under physiologic conditions.”°7' We investigated the activity 
in response to retinoic acid or dimethylformamide (Table 2), of this enzyme in two human myeloid leukemia cell lines, 
which were also ineffective in inducing these cells to mature. HL-60 and RDFD2-25, and in normal peripheral blood 
RDFD2-4 cells showed only a modest decline in IMPD neutrophils and monocytes using a radiometric assay. We 
activity (<30%) when incubated with the IMPD inhibitor, found both myeloid cell lines to have substantially higher 
tiazofurin (10°mmol/L), which was correspondingly rela- levels of IMPD than purified normal blood neutrophils or 
tively ineffective in inducing maturation, although a modest monocytes. In addition, we observed that induced maturation 
degree of induced maturation could be detected (Table 2). of the leukemic cell lines is associated with a reduction in the 


activity of IMPD toward those levels observed in normal, 

DISCUSSION terminally differentiated neutrophils and monocytes. More- 

inosine monophosphate dehydrogenase (IMPD) catalyzes over, decreased IMPD activity was found to be a very early 
the first step unique to guanylate biosynthesis from the feature of induced maturation. A significant decline in 


Table 1. IMP Dehydrogenase Levels in HL-60 Cells With and Without Induced Maturation 
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Cellular Proliferation Myeiuid Maturation 
{Percent increase in (NGT reduction by 
IMPDO intracellular [GTP] cell concentration cells after four days 
incubation Conditions Activity* inmol/ 10 celis}+ by four days}t culture}§ 
Control || 6.3 + 0.5 12.3 + 4.1 326 + 40 12 4 
Retinoic acid {10 "f mol/L} 1.8 +03 6.8 + 0.7 74 +23 173 + 12 
Dimethylformamide {60 mmol/L} 1.7 + 0.4 5.4 +05 95 + 30 115 = 11 
DEMO (5mmol/L) 7.7 = 0.3 12.7 + 1.5 53 + 27 7 +1 
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*IMPD activity in cells after 24-hour incubation with or without inducing agents, expressed as pmol IMP metabolized/ 10’ cells/min (mean + SEM: 
n = §). 
¢GTP concentrations measured in perchlorate extracts of cell pellets prepared after 24-hour incubation of cells with or without inducing agents”; 


~Measurements of cellular proliferation represent the percent increases in cell concentrations during four days’ culture from an imtial seeding 
concentration of 3 x 10° cells/mL [percent increase = absolute increase in cell concentration (x 10°/mt}/3.0 x 100]: results represent means + SEM; 
no, 

SNBT reduced by 10° cells stimulated with phorbol diester (A OD units,,,/30 min}; mean + SEM, n = 4. 

| Cortrol cells not exposed to inducing agents. 
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Table 2. IMP Dehydrogenase Activity, Intracellular GTP Concentrations, and induced Myeloid Maturation 
in RDFD2-25 and RDFD2-4 Cells 
RDFD2-25 RDFD2-4 
RA DMF tiazofurin RA DMF tiazofurin 
Control (70°* mol/L) (60 mmol/L) (10°* mol/L} Control (10° mot?) {60 mmol/L} (10°* mol/L) 
IMPD activity* 5,2 +02 2.3 +201 3.0 + 0.4 1.6 + 0.5 §.3 + 0.7 5.5 + 0.6 5.5 = 0.6 3.9 + 0.9 
Intracellular [GTP]t 11.8 + 1.2 5.7 +0.3 5.3 + 0.5 44 0.7 13.2 + 1.5 12.5 + 0.7 14.4 + 2.0 9.12 11 
NBT reductiont 1 +6 92 +5 84 +6 75+ 6 12+ 4 17 +5 13 +4 26 + 2 
Phagocytosis§ 1444 78 +6 86 +9 72+ 11 1Tt+ 3 12 +5 16 + 4 24 +3 
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*IMPD activity in cells after 24-hour incubation with or without inducing agents, expressed as pmol IMP metabolized/ 10’ cells/min (mean values + 


SEM: n = 6). 


+GTP concentration (nmol/10’ cells) measured in perchiorate extracts of cell pellets prepared after 24-hour incubation of cells with or without 


inducing agents®: mean values + SEM: n = 4. 


tPercent of celis reducing NBT when stimulated by phorbol diester? after four days’ incubation with and without inducing agents (mean values + SEM: 


nos 4), 


IMPD activity was evident by three to six hours of incuba- 
tion of HL-60 and RDFD2-25 cells with inducing agents 
and preceded the functional and antigenic maturation of 
these cells by at least 12 to 13 hours. 

Diminished IMPD activity in HL-60 and RDFD2 cells 
treated with tiazofurin was not unanticipated, since this 
agent is known to inhibit IMPD directly and selectively.” 
However, the mechanism by which IMPD is down-regulated 
in these cells when exposed to retinoic acid or dimethylfor- 
mamide is unclear. Nonetheless, these findings are consistent 
with our previously reported observation that guanine ribo- 
nucleotide biosynthesis from IMP is reduced in HL—60 cells 
during induced maturation in part because of an apparent 
block at the IMPD-mediated step." 

Several additional observations in our present studies lend 
further weight to the conclusion that reduced levels of IMPD 
activity and myeloid cell maturation are related. Decreased 
IMPD levels were not observed in a strain of RDFD2 cells 
that is resistant to maturation-induction when these cells 
(RDFD2-4) were incubated with the inducing agents reti- 
noic acid and dimethylformamide. Moreover, changes in 
IMPD activity observed with cellular maturation could be 
dissociated from altered rates of cell division. Not only did 
IMPD levels fall in the myeloid cell lines before the decline in 
cell growth rate that accompanies induced maturation, but 
IMPD levels did not fall in cells exposed to DFMO, which 
blocks cellular proliferation but does not induce matura- 
tion.'* 

Becker and Lohr’? have reported previously that the 
circulating blasts of patients with acute myelogenous leuke- 
mia have high levels of IMPD activity compared with those 
of normal blood leukocytes recovered from healthy subjects. 
Although our methods for measuring IMPD differ from 
those used in these earlier studies, our results with HL-60 
and RDFD2 cells are quantitatively similar to those reported 
for freshly isolated leukemic blast cells.'” 

A relationship between the activity of IMPD and neoplas- 
tic transformation has been suggested by Jackson et al.!° 
These investigators found that rat hepatoma cells had sub- 
stantially higher levels of IMPD activity than did normal 
liver cells. IMPD activity in hepatoma cells was also greater 
than that in normal regenerating liver tissue with similar cell 


growth rates.'°'' Although we were unable to compare the 
IMPD levels of leukemic cells with those of a comparably 
homogenous preparation of normal myeloid progenitor cells, 
our studies support the idea that a high level of IMPD 
activity in cells is a biochemical marker of cellular immaturi- 
ty. Not only do HL-60 and RDFD2 cells have high levels of 
IMPD compared with their normal, terminally differen- 
tiated blood cell counterparts, but they also express dimin- 
ished IMPD activity in association with induced maturation, 
whereby the block in terminal differentiation characteristic 
of these neoplastic cells in maintenance culture is circum- 
vented or partially removed. At the same time it is important 
to point out that the induction conditions examined in our 
studies are among those that promote a form of cellular 
maturation reminiscent of neutrophil differentiation.’ We 
did not examine induction conditions associated with cellular 
maturation to macrophage-like” or eosinophil-like cells,” 
and our results may not necessarily apply to such conditions. 
While diminished IMPD activity may be simply a bio- 
chemical consequence of cellular maturation, there is reason 
to believe that the activity of this enzyme may have a role in 
regulating the maturation process by controlling intracellu- 
lar supplies of guanine ribonucleotides. Several lines of 
evidence support this latter possibility. First, we have shown 
previously that IMPD inhibitors are potent inducers of 
maturation in human myeloid cell lines.’ Second, we have 
shown in more recent studies” that the maturation-inducing 
effects of IMPD inhibitors on HL—60 cells can be blocked by 
preventing the depletion of guanine ribonucleotide pools that 
ordinarily results from IMPD inhibition: this is accom- 
plished by incubating cells with guanosine or guanine to 
provide the cells with a substrate for guanylate synthesis by 
direct salvage, bypassing the synthetic pathway from IMP. 
in cell-free extracts, IMPD is known to be subject to 
negative feedback inhibition by XMP and GMP and to 
require NAD as a cofactor. ®™ These characteristics of the 
enzyme have been used as the basis for designing nucleoside 
analogues that function as selective [MPD inhibitors, such as 
tiazofurin.* In intact cells, however, this enzyme may be 
subject to a variety of additional controls at the level of 
enzyme synthesis, degradation, or posttranslational modifi- 
cation, and it is possible that the changes observed in IMPD 
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activity in cells treated with retinoic acid or dimethylfor- 
mamide reflect such control mechanisms. In any case, our 
studies suggest that such controls of IMPD activity deserve 
further investigation, since they may be relevant both to 
normal and to disordered regulation of myeloid cell matura- 
tion. Our studies also support the suggestion of others''”’ 
that IMPD is an appropriate target for the design of new 
chemotherapies that may have selective antineoplastic 
effects. 
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Recombinant Tumor Necrosis Factor Causes Activation of Human Granulocytes 


By James W. Larrick, Delores Graham, Karen Toy, Leo S. Lin, Gearge Senyk, and Brian M. Fendly 


We have tested the hypothesis that tumor necrosis factor 
(TNF), by binding to and activating granulocytes, may 
contribute to the pathogenesis of gram-negative sepsis 
and the adult respiratory distress syndrome (ARDS). Buffy 
coat granulocytes incubated with as little as 0.5 ng/mL of 
recombinant TNF (r TNF) showed a dose-related increase in 
nitroblue tetrazolium dye reduction, in granulocyte polari- 
zation, in superoxide anion release, and in visually apparent 
aggregation. Purified lipopolysaccharide (1 g/mL) caused 
polymorphonuclear (PMN) aggregation and activation that 


NFLAM MATION is characterized by the rapid accumu- 
lation of granulocytes and monocytes at sites of tissue 
injury. These cells participate in the destruction and rapid 
removal of foreign antigens and damaged tissue. A number 
of agents have been found to cause activation and chemotaxis 
of phagocytes including complement fragments,'? products 
involved in the kinin and coaggulation pathways,*“ collagen,’ 
tissue breakdown products, and arachidonic acid metabo- 
lites,” in particular, leukotriene B,,'° as well as synthetic 
peptides related to bacterial-derived products.'''? Most of 
these substances are generated during an inflammatory 
response. 

During the course of work in our laboratory on the 
pathogenesis of endotoxemia, we found that tumor necrosis 
factor (TNF) was released by lipopolysaccharide (LPS) 
stimulation of macrophages. First described by Carswell et 
al? in the serum of mice injected with bacillus Calmette- 
Guerin vaccine and endotoxin, TNF was noted principally 
for its cytolytic effects on tumor cells. Work by Beutler and 
coworkers'*'® has since suggested that TNF might be an 
important mediator in the response to injury by mobilizing 
the host energy reserves. Although C5a is known to be a 
major cause of activation and aggregation of granulocytes, 
we postulate that TNF may also contribute to the granulo- 
cyte response. In the present studies we show that granulo- 
cytes have specific high-affinity receptors for TNF and that 
low concentrations of TNF cause aggregation and activation 
of granulocytes. These effects can be blocked by monoclonal 
antibodies neutralizing TNF. 


MATERIALS AND METHODS 


Reagents. Escherichia coli 0111:B4 LPS was purchased from 
LIST Biologicals (Campbell, CA). Nitroblue tetrazolium salt 
(NBT), polymyxin B, formylmethionylleucylphenylalanine 


From the Cetus Immune Research Laboratories; the Department 
of Medicine, Stanford University Medical Center, Palo Alto, CA: 
and the Cetus Corp, Emeryville, CA. 

Submitted June 12, 1986; accepted September 22, 1986. 

Address reprint requests to Dr James W. Larrick, 3400 West 
Bayshore Rd, Palo Alto, CA 94303. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact, ` 

© 1987 by Grune & Stratton, inc. 

0006-497 1/87/6902-0044$3.00/0 


640 


was neutralized by polymyxin B. The release of superoxide 
was augmented by preincubation of the PMNs with 
Y-interferon. The effect of TNF was neutralized by TNF- 
specific murine monoclonal antibodies but not by poly- 
myxin B. Scatchard analysis of "l-r TNF binding to granulo- 
cytes revealed about 1,200 receptors per cell with a Kd of 
4.9 x 10°" mol/L. These results suggest that the release 
of TNF by mononuclear phagocytes contributes to granulo- 
cyte activation and aggregation during inflammation. 

e 1987 by Grune & Stratton, inc. 


(FMLP), cytochalasin B, superoxide dismutase (SOD), dexametha- 
sone, and ferricytochrome c (horse heart V1) were purchased from 
Sigma Chemical Co (St Louis). 

Cold C5a was kindly provided by Dr Steven Kunkel, University of 
Michigan, Ann Arbor, MI. Recombinant human TNF (rTNF),! 
interleukin 2, anc 3-interferon were provided by the Process Group 
of Cetus Corp, Emeryville, CA. Purified human y-interferon was 
obtained from Meloy Laboratories, Springfield, VA. 

Antibodies. Rabbit and monoclonal anti-TNF antibodies were 
generated as previously described.'* 

L929 evtotoxicity assay. 929 cells were the kind gift of Dr 
Lioyd Old, Memerial Sloan-Kettering Cancer Center. Details of the 
assay for TNF and neutralization by mouse serum and mouse 
monoclonals are as described." 

Neutrophil polarization. Polarization of human polymorphonu- 
clear (PMN) leukocytes was performed as described’ with minor 
modifications. PMNs were isolated from fresh heparinized blood by 
dextran sedimentation followed by Ficoll-Hypaque gradient centrif- 
ugation. The PMNs were adjusted to | x 10° cells/mL of Hanks’ 
buffered saline solution (HBSS). and 0.9 mL was added to each of 
duplicate tubes (12 x 75 mm polypropylene) containing 0.1 mL of 
stimulant or HBSS. The samples were incubated 15 minutes in a 
37 °C shaking waterbath. To end the reaction, | ml. of ice-cold, 
0,1 mol/L phosphate-buffered formaldehyde (10% vol/vol), pH 7.2, 
was added to each tube. Cells were kept cold (4 °C) until they were 
examined by phase microscopy. Tubes were coded and scored blindly 
for gross morphological changes indicating polarization. PMNs, 
round when unstimulated, were considered to exhibit polarization 
when their shape appeared elongated, often with distinct uropods. 
The percentage of cells polarized was determined by counting 200 
cells per tube. 

Ferricytochrome ¢ reduction assay. Superoxide anion produc- 
tion was measured by the ferricytochrome c reduction method.” 
PMNs (I x 10° cells) were suspended in HBSS (without phenol 
redj, pH 7.2, in 12 x 75-mm_ tubes containing stimulant and 
ferricytochrome ¢ (80 mol/L final concentration) for a final 
volume of | mL. In some experiments PMNs were pretreated with 
5 ug/mL cytochalasin B for five minutes at 37 °C prior to stimula- 
tion. Controls containing SOD also were run in parallel. Tubes were 
incubated at 37°C for 15 minutes. The reaction was stopped by 
centrifuging the suspension for ten minutes at 1,200 rpm at 4 °C. 
Absorbance of the supernatants was then determined using a 
spectrophotometer at 550 nm. The 550-nm optical density values 
were converted to nanomoles of reduced cytochrome c using the 
extinction coefficient 21.0 x 10° {mol/L}? cm~? and expressed as 
nmoles/10° PMNs/15 minutes. 

NBT reduction assay. The buffy coat blood fraction (from a 
blood bank in a volume of 20 to 30 mL from } unit of blood) served as 
the source of granulocytes. Assays were performed in small, plastic 
cryogenic vials (Corning Glass Works, Corning, NY) in a volume of 
0.5 mL. To 0.25 mL of buffy coat blood was added 0.25 mL of NBT 
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dye (Sigma Chemical Co) at 2 mg/mL in saline. Additional 
ingredients were added in small volumes to achieve the desired 
concentration, and vials were incubated for 30 minutes at 37 °C. 
When assaying the efficacy of antibodies, antigen and antibody were 
preincubated in small volumes (5 to 25 uL} in 96-well round-bottom 
Costar plates under conditions of high humidity for 30 minutes at 
37 °C before being transferred to assay vials. Following incubation, 
thin coverslip blood smears were made, air-dried, and stained with 
Wright-Giemsa stain (Camco Quick Stain, Cambridge Chemical 
Products, Ft Lauderdale, FL). Smears were then examined under oll 
immersion and scored for the percentage of NBT-positive PMNs, te, 
those containing black deposits of reduced NBT dye in their 
cytoplasm. The baseline NBT reduction, ie, with no stimulus, was 
less than 1% in all experiments. The biochemical basis of this assay 
has been defined.” 

TNF binding assay. TNF was labeled to a specific activity of 
20 wCi/ug of protein using the iodogen method (Pierce Chemical 
Co, Rockford, IL). Binding assays were performed on 5 x 10° cells 
using various concentrations of labeled TNF. Binding assays were 
carried out for four hours at 4°C. Cells were separated from 
unbound '“I-TNF by three washes in 2% sucrose in phosphate- 
buffered saline. In all experiments, a 100-fold excess TNF was 
added, and the nonspecific -TNF binding was subtracted. 


RESULTS 


To rule out the possibility that TNF was directly cytotoxic 
to granulocytes, we incubated PMNs in HBSS with 10 and 
| ug/mL of rTNF, with FMLP (10°° mol/L), and with no 
additives. Cell viability was observed using both trypan blue 
dye exclusion and ethidium bromide/acridine orange stain- 
ing. No differences in viability were observed among the four 
cell populations over a period of 22 hours (data not shown). 

Activation of human granulocytes by rTNF. Figure | 
shows that rT NF induces a dose-dependent increase in NBT 
dye reduction by human granulocytes. A concentration of 
rTNF as low as 100 pmol/L (1.7 ng/mL = 100 pmol/L) 
produces granulocyte activation well above the background. 
No-stimulus controls were less than 1% in all NBT studies 
(data not shown). Polymyxin B, which blocks LPS-induced 


i LPS or TNF 
50 l Above + Polymyxin B 





NBT Score (%) 
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1 10 100 100 


TNF (ng/mi) 


Fig 1. Dose response of rTNF-induced granulocyte NBT dye 
reduction. Note that the LPS-induced NBT reduction is blocked by 
polymyxin B (5 mg/mL); the effect of rTNF is not. The assay was 
read after 30 minutes’ incubation. The no-stimulus control values 
were <1% positive. 
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Fig 2. Kinetics of the activation process. The kinetics of 
FMLP- and rTNF-induced NBT dye reduction are identical. Full 
induction of NBT dye reduction begins to plateau at 15 minutes. 
Concentrations of 50 ng/mL rTNF and 1.0 wmol/L FMLP were 
used for these studies. The no-stimulus control values were <1%. 


NBT dye reduction, ™™ did not block the rf NF-induced 
activation of granulocytes. Interestingly, when concentra- 
tions of LPS (2 ug/mL) and rTNF (100 ng/mL), both of 
which induced maximal granulocyte NBT dye reduction 
alone, were added together to the cells, no additional merease 
in the number of positive cells was observed (data not 
shown). Aggregation of PMNs was visually apparent at 
doses of rT NF above 100 ng/mL. No stimulation of NBT 
reduction with rT NF or LPS was observed in the presence of 
| mmol/L N-ethylmaleimide, which suggests that a superox- 
ide-generating oxidase was reducing the NBT. 

Figure 2 shows the kinetics of the activation process 
comparing FMLP (1.0 umol/L) and TNF (50 ng/mL}. Both 
substances induce rapid activation, with a plateau beginning 
after 15 minutes. 

rTNF also produces a dose-dependent increase in human 
granulocyte polarization similar to the response seen with 
CSa, a known chemotactic factor (Table 1). PMN polariza- 
tion induced by rTNF was more pronounced than that 
produced by LPS. Furthermore, the activation induced by 
rĮNF was not reduced by the addition of polymyxin B 
(Table 2). 

To determine whether rT NF contributed to the respira- 
tory burst observed during the activation of PMNs, measure- 
ments of the superoxide anion were made by the ferricyto- 
chrome c reduction method. Table 3 shows that rT NF caused 


Table 1. rTNF-induced Polarization of PMNs 














rT NF C5a 
10 ug/ml 86.7 + 5.3* ND 
1 wg/mt 80.3 + 3.7 ND 
100 ng/mL 67.7 + 4.8 92.3 22:9 
10 ng/mL 63.7 + 17.1 93.1 + 4.1 
1 ng/ml 36.8 + 18.7 45.0 + 6.2 
100 pg/mL 7.3 + 1.1 9.7 + 5.6 
HBSS 2.9 + 7.5 
FMLP (1077 mol/L) 94 + 2.6 





Abbreviation: ND, not determined. 
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Table 2. Effect of Polymyxin B on Polarization of PMNs induced 
by LPS or rTNF 





Addition of Polymyxin B (5 g/mL} 


— + 
LPS 
1 ug/mL 46.0* 15.8 
100 ng/mL 165.5 7.5 
10 ng/mL 4.0 6.5 
r TNF 
100 ng/mL 65.8 66.0 
10 ng/mL 59.0 63.5 
1 ng/mL 53.0 54.0 


*PMN polarization (%), mean of three experiments. The addition of 
media alone and polymyxin B alone had <6.0% positive cells. 


a two- to threefold increase in the release of superoxide 
anion. Furthermore, the stimulation was augmented by 
preincubation of the PMNs with 100 units of y-interferon. 
Note that these studies were performed in the absence of 
cytochalasin B, which is frequently used to augment O,~ 
release. When cytochalasin B is added to the cells prior to 
stimulation, there is a modest increase in TNF stimulation at 
the higher concentrations (Table 4). Cells stimulated by 
FMLP in the presence of cytochalasin B released up to 
20-fold more O,”. 

Neutralization of rTNF activation of granulocytes by 
antibodies. Both rabbit (Fig 3) and mouse (Fig 4) antisera, 
which neutralized the in vitro cytotoxicity of rT NF, blocked 
rT NF-induced NBT dye reduction by granulocytes. In addi- 
tion, a series of murine anti-TNF monoclonal antibodies was 
tested. These monoclonals were shown to neutralize rf NF- 
induced mouse L cell cytotoxicity’? as well as rT NF-induced 
granulocyte NBT dye reduction (Fig 4). 

Binding of rTNF to human granulocytes. Human gran- 
ulocytes demonstrated rapid saturable binding of '**I-labeled 
rTNF. Scatchard analysis revealed a low number (1,174 
sites/cell) of high-affinity (Kd = 5 x 10°! mol/L) receptors 
on these cells (Fig 5). This binding was inhibited by a 
100-fold molar excess of cold rTNF but not by a 100-fold 
molar excess of human CSa, recombinant interleukin 2, or 
8-interferon (data not shown). 


DISCUSSION 


These studies demonstrate that purified human rTNF 
binds specifically to high-affinity receptors on PMN leuko- 


Table 3. rTNF-induced Superoxide Production by PMNs 








10° PMNs 10° PMNs + -y-IFN 
Stimulant inmol/ 15 min} {nmols 0,7 /15 min) 
Media 1.9 +.11* 1.19 + .70 
FMLP, 1077 mol/L 3.0 + 53 6.51 + .49 
TNF, 1 ug/ml 4.7 + .72 5.81 + 1.03 
TNF, 100 ng/mL 5.2 + .85 6.41 + 1.20 
TNF, 10 ng/mL 4.2 + 47 4.48 + .74 
TNF, 1 ng/mL 2.7 + .26 3.212 .31 





PMNs at a 10°/mL concentration were preincubated at 37 °C for 20 
minutes with either HBSS or 100 U/mL y-interferon, then tested for their 
response to rTNF. The data are presented as nmol/10® PMN/15 min. 
There was no cytochalasin 8 preincubation in these experiments. 

*Mean + SE of six experiments. 
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Table 4. rTNF-induced Generation of Superoxide Anion in the 
Presence of Cytochalasin B 


Ateneo heieren tebe 





Cytochalasin B 








Control {5 ug/mL}* 

FMLP, 10°’ mol/L 1.1 + O.5+ 26.7 + 3.1 
TNF, 1 ug/ml 2.8 + 0.7 6.3 ż 0.7 
100 ng/mL 3.3 + 0.8 4.3 + 0.6 
10 ng/mL 2.3 + 04 2.4 + 0.4 


The values are the mean and SE of six experiments without cytochala- 
sin B and three experiments with cytochalasin B. 

*Ceils were preincubated for ten minutes 37 °C with cytochalasin B 
prior to the addition of stimulants. 

¢ Values are expressed in nm 0,°/10° PMNs/15 min minus the cell 
control values {+ SE). 








cytes and that this binding leads to a dose-dependent increase 
in the activation of these granulocytes. The concentration of 
rf! NF required to elicit PMN cell polarization and the 
reduction of NBT dye is as low as 100 pmol/L, which 
compares favorably with the receptor affinity measured on 
these cells and on other cells tested in our labs and by other 
investigators.” The concentrations of rTNF required to 
induce visually apparent aggregation and production of 
significant amounts of superoxide anion are up to tenfold 
higher. A number of laboratories have investigated this 
dissociation of membrane polarization and the oxidative 
burst.™® For example, Sklar et al”! showed that the time of 
receptor occupation by FMLP determined the relative mem- 
brane potential changes and the amount of superoxide gener- 
ated. Longer receptor occupancy or a higher percentage of 
receptor occupation was required for the generation of O,”. 
y-Interferon modestly sensitizes neutrophils to the effects of 
low concentrations of TNF. Synergism has been shown by 
workers studying TNF-induced granulocyte-mediated cyto- 
toxicity” and TNF-mediated tumor killing.” Studies by two 
groups™** have recently shown that y-interferon modestly 
enhances the expression of TNF receptors. The low concen- 
trations of TNF required to stimulate the respiratory burst 
are within the range commonly found in cultures of stimu- 
lated macrophages (J.W. Larrick, unpublished data) and are 
probably physiologically relevant at the sites of inflamma- 
tion. Although researchers have commonly used cytochalasin 
B to increase the detection of released O, by FMLP- 
stimulated PMNs, our studies show that this agent had only 
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Fig4. Neutralization of rTNF-induced NBT dye reduction by 
mouse anti-TNF antiserum and anti-TNF monoclonal antibodies. 
Following preincubation (30 minutes) with rTNF (final assay con- 
centrations of 50 ng/mL) in smali equal volumes, monoclonals 
were in a 4 mol/L excess to rTNF and mouse anti-TNF serum at 
1:20 dilution during the 30-minute assay. Normal mouse serum and 
the control IgG, monoclonal do not neutralize the cytotoxic effect 
of rT NF in the 1929 assay. Anti-TNF mouse serum and the three 
monoclonals all neutralize r TNF in the L929 assay. The no-stimulus 
control values were <1%. 


modest effects on the O,” released by TNF-stimulated 
PMNs. 

Our studies show that TNF binds to a low number of 
high-affinity sites on PMN leukocytes. This binding is both 
specific and saturable. Similar dissociation constants and 
numbers of TNF receptors have been reported by others” 
using various cell lines. Because TNF is known to bind to 
both sensitive and insensitive cell lines, it will be important to 
better understand how receptor occupancy triggers normal 
cells to respond and certain neoplastic cell lines to die. The 
§-lipoxygenase pathway has been implicated in receptor- 
response coupling of PMNs,’*** but to date our studies with 
the arachidonate inhibitors ETYA, BW755, indomethacin, 
and nordihydroguairetic acid (NDGA) have given little or no 
inhibition of TNF-induced activation (data not shown). 
Studies of other second-messenger pathways are in progress. 

Our work suggests that TNF is a member of a growing list 
of inflammatory mediators that bind to and cause activation 
of granulocytes. It also provides evidence that mononuclear 
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phagocytes may stimulate granulocytes via TNF during 
inflammation. Other groups have recently shown that TNF 
stimulates binding to endothelial cells” as well as granulo- 
cyte phagocytosis." Clearly, there is a complex interplay of 
these recently cloned cytokines in the inflammatory 
response. The recent work of Beutler et al’? is interesting in 
this regard. These workers showed that in a murine model of 
LPS toxicity the lethal effect of endotoxin can be reduced by 
rabbit antimurine TNF (cachectin) antibodies. If TNF is a 
major mediator of endotoxemia, its effects on granulocytes 
and endothelial cells may contribute to the pathogenesis of 
septic shock and the adult respiratory distress syndrome 
(ARDS). To date, activation of the alternate pathway of 
complement with the release of C5a has been thought to be 
the major stimulant of granulocyte aggregation in this 
context.*!? The present studies show that TNF must be 
included with mediators such as LTB4, platelet-activating 
factor, and CSa, which contribute to the aggregation of 
granulocytes with the subsequent compromise of pulmonary 
function in gram-negative sepsis and ARDS. Whether the 
effect of rTNF on PMNs observed in these studies contrib- 
utes to its antitumor effect or to its toxicity is currently under 
investigation. From a therapeutic standpoint, the inhibition 
of the inflammatory effects of TNF may be as important as 
its direct antitumor effects. 
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Studies of a Mechanism Inhibiting the Initiation of the Extrinsic 
Pathway of Coagulation 


By L. Vijaya Mohan Rao and Samuel |. Rapaport 


We have extended earlier studies (Blood 66:204, 1985) of a 
mechanism of inhibition of factor Vila/ tissue factor activity 
that requires a plasma component (called herein extrinsic 
pathway inhibitor or EP!) and factor Xa. An activated 
peptide release assay using “H—factor IX as a substrate was 
used to evaluate inhibition. Increasing the tissue factor 
concentration from 20% to 40% (vol/vol) overcame the 
inhibitory mechanism in normal plasma but not in factor 
Vil-deficient plasma supplemented with a low concentra- 
tion of factor Vil. A second wave of factor IX activation 
obtained by a second addition of tissue factor to plasma 
with a normal factor Vil concentration was almost abol- 
ished by supplementing the reaction mixture with ad- 
ditional EPI and factor X. Factor Xa’s active site was 


K~ INHIBITORY mechanisms regulating blood 
coagulation include neutralization of the serine pro- 
tease enzymes—factors IXa, Xa, and thrombin—by the 
protease inhibitors antithrombin HI and heparin cofactor H 
and inhibition of the cofactors—factor Villa and Va—by 
activated protein C. These inhibitory reactions modulate the 
intermediate and late steps of blood coagulation. Little is yet 
known about inhibitory mechanisms that modulate the ini- 
tiation of blood coagulation following exposure of blood to 
tissue factor (ie, initiation of coagulation via the extrinsic 
pathway). However, it has been known since 1947 that a 
preliminary incubation of tissue factor with serum would 
abolish its otherwise lethal effect after intraveneous injection 
into mice. ? Moreover, it was shown in the early 1950s that 
the coagulant activity formed after the addition of tissue 
factor to serum in vitro diminished rapidly on further incuba- 
tion.’ 

in a recent report from this laboratory, a plasma- 
inhibitory material was described that inhibits factor Vila / 
tissue factor activity only when factor X is also present in 
reaction mixtures.’ We report herein the results of experi- 
ments carried out to explore further the mechanism of this 
inhibition. 

MATERIALS AND METHODS 

Reagents. Hereditary clotting factor—deficient plasmas were 
obtained from George King Bio-Medical, Overland Park, KS. 
Rabbit brain cephalin was obtained from Sigma Chemical Co (St 
Louis), Na?{H] borohydride from Amersham Corp (Arlington 
Heights, IL), Sephacryl S-200 and CNBr-activated Sepharose 4B 
from Pharmacia Fine Chemicals (Piscataway, NJ), diethyl amino- 
ethyl Affi-gel blue and all electrophoretic reagents from Bio-Rad 
Laboratories (Richmond, CA). Unless otherwise specified, the 
buffer used to dilute reagents contained 0.05 mol/L Tris-HCl, 0.15 
mol/L NaCl, pH 7.5, and | mg/mL bovine serum albumin (TBS/ 
BSA). 


Plasmas. Normal pooled plasma and barium-absorbed plasma 


through an anti-factor VH column, and factor X~—deficient plasma 
was passed through an anti-factor X column to remove traces of 
factor VIL and factor X from these plasmas, respectively. 

Tissue factor. Crude tissue factor preparations were saline 
extracts of human brain. The standard reagent, prepared as 
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necessary for factor Xa’s contribution to inhibition, but 
preliminary incubation of factor Xa with EPI in the absence 
of factor Vila/tissue factor complex or of factor Vila/ tissue 
factor complex in the absence of EP! did not replace the 
need for the simultaneous presence of factor Xa, factor 
Vila/ tissue factor, calcium, and EPI in an inhibitory reaction 
mixture. Inhibition of factor Vila/tissue factor was revers- 
ible; both tissue factor and factor Vila activity could be 
recovered from a dissociated, inhibited factor Vita/tissue 
factor complex. EPI appeared to bind to a factor Vila/ tissue 
factor complex formed in the presence of factor Xa but not 
to a factor Vila/tissue factor complex formed in the 
absence of factor Xa. 

e1987 by Grune & Stratton, inc. 


described earlier,’ clotted norma! plasma in 13 seconds. A particu- 
late tissue factor reagent, with activity that could be pelleted by 
centrifugation at 12,000 g for ten minutes, was prepared as 
described by Bajaj et al.* This tissue factor clotted norma! plasma in 
22 seconds. A purified tissue factor reagent was used for selected 
confirmatory experiments. It was prepared by reconstituting puri- 
fied tissue factor apoprotein, isolated by a modified factor VI 
affinity technique to be described elsewhere, with a phospholipid 
mixture containing phosphatidy! ethanolamine, phosphatidy! cho- 
line, and phosphatidyl serine (1:1:0.3). This reconstituted, purified 
tissue factor was diluted in buffer to a concentration that clotted 
normal plasma in 18 seconds. 

Purified human clotting factors. Human factors VHS IX, and 
X’ were purified to homogeneity by methods described earlier from 
this laboratory. Purified clotting factor concentrations were deter- 
mined spectroscopically at A (absorbance) 280 nm using an Es 
(extinction coefficient) of 13.9 for factor VI" 13.2 for factor IX,” 
and 11.6 for factors X and Xa." 

Factor Xa. This was prepared by incubating purtlied factor X 
with insolubilized Russell's viper venom in the presence of calcium as 
described earlier.’ It was stored at ~ 20 °C in 50% vol/vol glycero! 
and diluted to the desired concentration in buffer just before use. 
The factor Xa had a specific activity of approximately 1,300 U/mg 
as measured in a one-stage factor Xa assay. ® It contained 5% to 10% 
residual zymogen factor X as judged by sodium dodecyl sulfate 
(SDS)-polyacrylamide gel electrophoresis. 
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Factor Vila. Factor Vila was prepared just before use by 
incubating factor VH at a concentration of either 50 ug/mL or 2.5 
ug/mL with factor Xa in a 50:1 ratio (wt/wt) for 15 minutes at 
37°C in the presence of 0.42 mmol/L cephalin and 5 mmol/L 
calcium. In some experiments the factor VHa preparation was 
incubated with antibodies to factor X to neutralize the factor Xa 
activity. 

Antibodies to factor VII. Antibodies were raised to purified 
human factor YH in a goat. The antiserum was adsorbed with 
barium sulfate (100 mg/mL) and heated to 56 °C for 20 minutes. At 
a 1,600-fold dilution this antiserum neutralized 50% of the activity 
of factor VH in normal plasma. It gave a single precipitation line on 
immunodiffusion against purified factor VII but not against pro- 
thrombin, factor X, factor IX, protein C, or protein S. An immuno- 
globulin fraction was prepared by precipitation at a 45% ammonium 
sulfate saturation. 

Antibodies to factor X. An antiserum to purified human factor 
X was prepared in a goat and its IgG fraction isolated as described 
earlier.'' The IgG fraction gave a single precipitation line of identity 
on a double-immunodiffusion plate with purified factor X and 
normal plasma. A 100-fold dilution of the IgG fraction neutralized 
60% of the factor X clotting activity in normal plasma. Adding the 
antibody to a reaction mixture of factor Xa, phospholipid, calcium 
ions, and factor VII prevented any measurable activation of the 
factor VH by factor Xa. 

Preparation of anti-factor VII and anti-factor X columns. The 
immunoglobulin fraction of anti-factor VH and the purified IgG 
fraction of anti-factor X were coupled to CNBr-activated Sepharose 
4B according to the manufacturer’s technical bulletin at approxi- 
mately 6 and 8 mg/mL packed beads, respectively. Deficient 
plasmas were passed through respective columns, and the plasma 
was eluted with TBS. Only those fractions of maximum refractive 
index were pooled to minimize the dilution of plasma (the plasma 
was diluted by 10% to 20% in this process). 

Sources of the extrinsic pathway inhibitor (EPI). Whole plas- 
ma, barium-absorbed plasma, and a partially purified reagent were 
used as sources of EPI. The partially purified reagent was prepared 
from a lipoprotein fraction obtained by ultracentrifugation of 
plasma to which sodium bromide was added to a final density of 
1.21."° An apoprotein fraction was obtained by adding 8 vol of cold 
acetone to | vol of lipoprotein fraction and incubating overnight at 
~ 20°C. The precipitate was separated by centrifugation, washed 
with diethyl ether, pelleted again, dried under nitrogen gas, and then 
resuspended at one tenth the initial volume in Tris-buffered saline 
containing 6 mol/L urea at pH 8.0. This suspension was loaded on 
Sephacryl S-200, which had been equilibrated with the same buffer, 
and was then eluted with the same buffer. Several protein peaks were 
obtained; a major protein peak made up primarily of apo-lipoprotein 
A-] contained most of the EPI. It was concentrated using an Amicon 
PM-30 membrane (Amicon Corp, Danvers, MA), dialyzed against 
TBS, and stored at — 80 °C. 

Preparation of ’H—-factor IX. Siayl 7H—factor IX was prepared 
by the general technique of Van Lenten and Ashwell.’ The specific 
activity of different preparations varied between 2 to 4 x 10° 
cpm/mg of protein. Labeled preparations retained 80% to 90% of the 
biologic activity of nonlabeled preparations as measured in a one- 
stage factor IX clotting assay.’ 

Measurement of factor 1X activation. The rate of factor IX 
activation was monitored by measuring the “H—activation peptide 
release from the *H-factor IX by a modification’ of the technique 
described by Zur and Nemerson." Full activation of factor IX, as 
measured by SDS-—polyacrylamide gel electrophoresis, yielded 
approximately 35% to 40% trichloroacetic acid-soluble counts. 

Active site-inhibited factor Xa. An active site histidine-directed 
serine protease inhibitor, dansyl-glutamyl-glycyl-arginyl-chloro- 
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methyl kerone (DEGR-CK) was used to inhibit irreversibly the 
factor Xa activity. One hundred microliters of factor Xa (8.3 
pmol/L) was incubated with 2 aL of DEGR-CK (7 mmol/L) for 15 
minutes at 37°C, and the excess inhibitor was then removed by 
dialysis against TBS. This treatment completely inhibited the factor 
Xa activity as measured in a factor Xa clotting assay. 


RESULTS 


Evidence that EPI acts against the factor VIla—tissue 
factor complex. We knew from the earlier study* that EPI 
inhibits either tissue factor itself or the factor VIla/tissue 
factor complex. Therefore, we carried out an experiment in 
which the activation of factor IX was measured in factor 
Vil-deficient plasma containing concentrations of tissue 
factor and of factor Vila that left only a minimal excess of 
tissue factor and no significant free factor VII. These 
concentrations were determined from a preliminary experi- 
ment in a system containing *H--factor IX, calcium, 0.05 
ug/mL factor Vila, no source of EPI, and increasing concen- 
trations cf tissue factor. At this factor VII concentration, 
increasing the tissue factor concentration above 20% did not 
increase the rate of activation of factor IX. 

Therefore, an experimenta! reaction mixture was made to 
contain factor VII-deficient plasma (which had been passed 
through én anti-factor VII column), 20% (vol/vol) tissue 
factor, 0.05 wg /mL factor VII, 5 ug /mL *H—factor IX, and 5 
mmol/L calcium. As shown in Fig 1, a plateau of activation 
was reached after only 4% of the trichloroacetic acid (TCA) 
soluble counts were released. The reaction mixture was then 
divided into aliquots to which first EDTA and then one of the 
following were added: tissue factor alone (20% vol/vol), 
factor VI alone (0.20 ng/mL), or tissue factor (20% vol / 
vol) plus factor VII (0.20 g/mL). Following this, each 
reaction mixture was recalcified. As shown in Fig 1, adding 
tissue factor alone or adding factor VII alone failed to induce 
a further significant release of TCA-soluble counts. How- 
ever, adding both reactants together resulted in a second 
wave of factor IX activation. 
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Fig 1. The effect of supplemental tissue factor, factor Vila, or 
factor Vila‘tissue factor upon the progress of activation of °H- 
factor IX in factor Vil—deficient plasma. The initia! incubation 
mixture (O: contained “H—factor IX, 5.0 ug/ml; factor Vila, 0.05 
g/mL; tissue factor, 20% (vol/vol); calcium, 10 mmol/L: and 
factor Vil-deficient plasma, 75% (vol/vol). At one hour (arrow) an 
aliquot was left undisturbed {O}. and EDTA, 12 mmol/L. was added 
to the remaining aliquots. Then the EDTA-treated aliquots were 
suppiemented with one of the following: buffer, (@): factor Vila, 
0.20 ng/mk (A): tissue factor, 20% {vol/vol} (A): and factor Vila, 
0.20 ug/ml, plus tissue factor, 20% (vol/vol) (©). Following this, 
the reactions were started again in EDTA-treated aliquots with 
calcium, 22 mmol/L. 
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In a supplemental experiment, '*I-factor VH /particulate 
tissue factor/Ca’* was centrifuged, and the pellet was 
washed several times in buffer containing calcium to ensure 
that the persisting radioactivity of the pellet represented only 
'°51_factor VII complexed with tissue factor. When the pellet 
was suspended in either buffer or factor Vil—deficient 
plasma containing EDTA and centrifuged again, the major- 
ity of the counts were now found not in the pellet but in the 
supernatant. However, when the pellet was suspended in 
buffer or factor V H-deficient plasma containing EDTA but 
excess calcium was added before centrifugation, the majority 
of radioactivity was found in the pellet. This experiment 
provides evidence that adding EDTA under our experimental! 
conditions dissociated a factor V Ha /tissue factor /Ca** com- 
plex and that the dissociated complex could be reassociated 
by adding calcium again. 

Therefore, one may conclude that in the data shown in Fig 
| an inhibited factor Vila/tissue factor complex was first 
dissociated and then reassociated. The observation that 
under these conditions both tissue factor and factor Vila 
were required to overcome inhibition by EPI provides strong 
evidence that EPI inhibits the enzymatic activity of the 
factor Vila/tissue factor complex rather than the activity of 
only its tissue factor component. 

Blunting of a second wave of activation of factor IX by 
supplementing reaction mixtures with additional EPI, fac- 
tor X, or both. Ina reaction mixture made with normal 
plasma and 20% (vol/vol) tissue factor, a plateau of `H- 
factor IX activation was reached after release of about 5% 
TCA-soluble counts. Since this reaction mixture contained 
normal plasma and therefore a tenfold higher factor VII 
concentration than that used in the reaction mixture of Fig 1, 
increasing the tissue factor concentration to 40% (vol/vol) 
allowed free factor Vila in the mixture to form additional 
factor Vila/tissue factor complex. The additional factor 
Vila/tissue factor complex initiated a second wave of factor 
IX activation that was of greater amplitude than the first 
wave (see the uppermost curve of Fig 2). This suggested that 
inhibition of the initial factor Vila/tissue factor complex had 
consumed inhibitory material in the reaction mixture. When 
supplemental EPI and factor X were added along with the 
second aliquot of tissue factor, then the second wave of factor 
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Fig 2. Blunting by partially purified EP! and factor Xa of a 
second wave of factor IX activation induced in normal plasma by a 
second addition of tissue factor. The initial reaction mixture {O) 
contained norma! plasma, 75% (vol/vol); tissue factor, 20% (vol/ 
vol); and “H—factor IX, 5 ug/mL, and calcium, 10 mmol/L. After 60 
minutes (arrow), further reactants were added to the aliquots as 
follows: buffer (@): tissue factor, 20%; (vol/vol) (A); or tissue 
factor, 20% (vol/vol), factor X, 8 ug/ mL, and EPI (A). 
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IX activation induced by additional tissue factor was mark- 
edly reduced (see the middie curve of Fig 2). 

Adding either EPI or factor Xa alone also diminished the 
second wave of activation but to a lesser degree. Thus, in 
three experiments the mean values for TCA-soluble counts 
at the plateau of a second wave of activation were as follows: 
when only tissue factor was added, 24%; when tissue factor 
plus factor X, 8 ug/mL, were added, 18.6%, when tissue 
factor plus partially purified EPI were added, | 7%; and when 
tissue factor plus both factor X and partially purified EPI 
were added, 11%. 

Failure of active site-inhibited factor Xa to support 
EPl-induced inhibition. Either factor Xa treated with 
DEGR-CK to block its active site or untreated factor Xa was 
added to factor X—deficient plasma that had been passed 
through an anti-factor X column to remove traces of factor 
X. >H-factor LX, tissue factor, and calcium were added to 
complete the reaction mixture. The final concentrations were 
as follows: for factor Xa, 2.5 ug/mL; for tissue factor, 20% 
(vol/vol). The results were as follows: TCA-soluble counts 
released after two hours in factor X—deficient plasma with no 
added factor Xa, 22%; with added DEGR-CK-~—treated factor 
Xa, 19%; with added untreated factor Xa, 3.5%. 

Failure of preliminary incubation of incomplete reaction 
mixtures with factor Xa to support the inhibition of the 
factor Vila/tissue factor complex. Since the effect of 
factor Xa appeared to require its active site, we designed an 
experiment to test the hypothesis that factor Xa’s role was 
enzymatically to convert factor Vila/tissue factor /Ca** into 
a complex susceptible to EPI. Factor Xa, 2.5 pg/mL, tissue 
factor, 20% (vol/vol), factor VH, 0.5 ug/mL, and calcium 
were incubated together for one hour at 37 °C, after which 
anti-factor X antibodies were added to neutralize the factor 
Xa. After 20 minutes, a source of EPI (factor X—deficient 
plasma) and *H—factor IX were added, and the activation of 
factor IX was monitored. The activation of factor IX was not 
inhibited; the extent of activation (release of 30% TCA- 
soluble counts in two hours) did not differ from that of a 
negative control in which no factor Xa was added to the 
reaction mixture. In a positive control in which buffer instead 
of antibodies to factor Xa was added before the addition of 
the factor X—deficient plasma, the factor Vila/tissue factor 
activity was fully inhibited (release of 4% TCA-soluble 
counts in two hours). 

Additional experiments were carried out to test the 
hypothesis that factor Xa enzymatically converted EPI from 
an inert precursor to an active inhibitor. In one experiment 
(data not shown) factor X~deficient plasma as a source of 
EPI and factor VII was incubated for 60 minutes with factor 
Xa and calcium. Antibodies to factor X were then added and, 
20 minutes later, tissue factor (20% vol/vol) and 3H-factor 
IX. The activation of factor IX was not inhibited. 

In a further experiment, barium-absorbed plasma (source 
of EPI), tissue factor (which also served as a source of 
phospholipid, a known cofactor for other reactions involving 
factor Xa), factor Xa, and calcium were incubated for 60 
minutes before antibodies to factor X were added. Twenty 
minutes later, factor Vila and *H—factor IX were added and 
the activation of factor IX monitored. As can be seen in Fig 


648 


3, factor IX was activated at the same rate as in a control 
mixture made without factor Xa. Thus, no evidence was 
obtained for a preliminary reaction between EPI and factor 
Xa, in the presence of phospholipid and calcium as potential 
cofactors, that bypassed the later need for factor Xa. One 
should also note in Fig 3 that if all components of the reaction 
mixture except the substrate were allowed to incubate with 
factor Xa, then its subsequent neutralization before the 
addition of the substrate did not impede the inhibition of 
factor Vila/tissue factor enzymatic activity. 

Binding of EPI to factor Via/tissue factor/Ca** com- 
plex. A factor VII/particulate tissue factor /Ca** complex 
was prepared for use in binding experiments with EPI by 
adding factor VII to particulate tissue factor in the presence 
of calcium, separating the pellet by centrifugation, and 
washing the resuspended pellet several times with calcium- 
containing buffer. The final resuspended factor VII /tissue 
factor/Ca’* complex clotted both recalcified normal plasma 
and recalcified factor VII deficient plasma in 23 seconds. 

This factor VII/tissue factor/Ca** complex (25% vol/vol) 
was incubated with barium-absorbed plasma or buffer (bar- 
ium-absorbed plasma control), calcium, cold factor IX (5 
ng/mL), and either factor Xa or buffer (factor Xa control). 
(The cold factor IX was included to allow generation of 
factor Vlla independent of the presence or absence of factor 
Xa in reaction mixtures.) After incubation for two hours at 
37 °C, the factor Vila/tissue factor complex was isolated by 
centrifugation and the resultant pellet washed several times 
in calclum-containing buffer. As shown in Fig 4, when both 
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Fig 3. Evidence that tissue factor, factor Vila, barium- 
absorbed plasma (source of EPI), Ca’*, must all be present for 
factor Xa to support inhibition. Barium-absorbed plasma and 
tissue factor were incubated for one hour at 37°C with the 
following additional reactants: (A) factor Xa, Ca’*; (@) factor Xa, 
factor Vila: (A) factor Vila, Ca**; and, (O) factor Xa, factor Vila, 
Ca’*. Then, factor Xa was neutralized with antibodies to factor X 
(10% vol/vol) for 20 minutes at room temperature. Following this, 
factor Vila or Ca?’ were added to reaction mixtures that lacked 
these reactants during the first incubation period. °H—factor IX 
was added to all mixtures at a final concentration of 5.0 ug/mL. 
The final concentrations of other reactants were as follows: 
barium-absorbed plasma, 66% (vol/vol); factor Vila, 0.5 ug/mL; 
tissue factor, 20% (vol/vol); factor Xa, 2.5 ug/mL; and Ca”, 10 
mmol/L. 
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barium-adsorbed plasma (source of EPI) and factor Xa had 
been present in the incubation mixture, the resuspended 
pellet had a markedly diminished ability to activate *H— 
factor IX. In contrast, when control buffer had replaced 
either barium-absorbed plasma or factor Xa in the incuba- 
tion mixture, the resuspended factor VIla/tissue factor 
complex retained full enzymatic activity. These differences 
were also demonstrable in a clotting assay; a resuspended, 
inhibited pellet clotted recalcified factor VH-deficient 
plasma in 50 seconds whereas resuspended uninhibited pel- 
lets clotted the plasma in 26 seconds. 

These experiments provided strong indirect evidence that 
inhibitory activity bound to the factor Vila/tissue factor 
complex in the presence of EPI, factor Xa, and calcium. 
They were incomplete, however, in that they did not test 
whether EPI could bind to a pellet separated from an 
incubation mixture lacking factor VII. Therefore, in a fur- 
ther experiment, 0.4 mL of particulate tissue factor prepara- 
tion was incubated with partially purified EPI or buffer 
(control) and the following additional reactants: (1) factor 
VH (0.2 pg/mL), factor Xa (2.5 pg/mL), and calcium; and 
(2) buffer, factor Xa (2.5 ug/mL), and calcium. After a 
two-hour incubation, the pellets were isolated, washed, and 
tested for enzymatic activity in a mixture containing factor 
VH (0.2 g/mL), factor Xa (2.5 ng/mL), and H -factor IX. 
As apparent from the resultant curves of factor IX activation 
(Fig 5), inhibition of the pellet required not only the presence 
of factor Xa but also the formation of the factor Vila/tissue 
factor/Ca’* complex. These experiments also suggest the 
possible b:nding of inhibitor to the factor V Ha /tissue factor / 
Ca’* comolex in the presence of factor Xa. 

if inhibitory material binds to a pellet, one should be able 
to demonstrate the loss of inhibitory activity in the superna- 
tant. As the experiments summarized in Fig 6 show, when 
incubation mixtures made with particulate tissue factor, 
factor VI, factor Xa, partially purified EPI, and calcium 
were centrifuged, the resultant supernatant was unable to 
serve as a source of EPI for a second incubation mixture. In 
contrast, control supernatants from incubation mixtures 
lacking factor Vila or factor Xa retained their ability to 
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Fig 4. ‘Activation of *H-factor IX by resuspended factor Vila/ 
tissue factor pellets from different types of initial reaction mix- 
tures. Different types of pellets resuspended in calcium-containing 
buffer were incubated with “H—factor IX, 5 ug/mL, and Ca?*, 10 
mmol/L, and the activation of factor IX monitored. The pellets 
were obtained by centrifugation of incubation mixtures containing 
particulate tissue factor, factor VII, factor IX, Ca*’. and added 
reactants s follow: buffer (@}, barium-absorbed plasma (MM), and 
barium-absorbed plasma and factor Xa (A). See the text for 
further details. 
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Fig 5. Evidence that a pellet prepared from an incubation 
mixture containing tissue factor, EPI, factor Xa, and Ca**, but not 
containing factor Vil, possessed tissue factor activity and did not 
possess EP! activity. Reaction mixtures contained particulate 
tissue factor and other reactants as follows: {@) EPI, factor VII 
factor Xa, Ca**; (O) EPI, factor Xa, Ca’*; and (A) buffer, factor VI, 
factor Xa, Ca**. After two hours’ incubation at 37 °C. pellets were 
obtained by centrifugation of incubation mixtures, washed and 
resuspended in calcium-containing buffer, and tested in the fol- 
lowing system: resuspended pellet: factor Vil (0.05 g/mL), factor 
Xa (2.5 ng/mL), °H—factor IX (5.0 ug/mt)}, and calcium (10 mmo! / 
L}. 


serve as a source of EPI for a second incubation mixture. 
These data not only confirm the binding of EPI to the factor 
Vila/tissue factor complex but provide further evidence that 
EPI does not bind to tissue factor alone. 

Recovery of tissue factor activity from the inhibited 
factor Vila/tissue factor complex. Factor Vila/tissue fac- 
tor pellets prepared under conditions that would either 
inhibit enzymatic activity or would not (Fig 4) and were 
resuspended in buffer containing 5 mmol/l EDTA, and the 
particulate tissue factor was pelleted by centrifugation. After 
being washed several times with EDTA-containing buffer, 
the pellets were resuspended in calcium-containing buffer. 
Then, purified factor VII, 0.25 ug/mL, and *H-factor IX, 
5.0 wg/mL, were added and the activation of factor IX 
monitored. As can be seen in Fig 7, the tissue factor 
recovered from an inhibited complex could support the 
activation of factor IX about as effectively as could tissue 
factor recovered from uninhibited complexes. 

Experiments with purified tissue factor. After a tech- 
nique was developed to purify tissue factor, selected addi- 
tional experiments were carried out to confirm results 
obtained with crude tissue factor preparations. As with the 
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Fig 6. Absence of EPI activity in a supernatant of a reaction 
mixture made with particulate tissue factor, partially purified EPI, 
factor Vil, factor Xa, and Ca’**. Reaction mixtures contained 
particulate tissue factor and other reactants as follows: (4) EPI. 
factor Vil. factor Xa, Ca?’ ; (@) EPI, Ca**; and (A) buffer, factor VIL 
factor Xa, Ca’*. After a one-hour incubation at 37 °C, the reaction 
mixtures were centrifuged, and the supernatants were tested for 
their EPI activity. The test system was as follows: supernatant: 
tissue factor, 10% (vol/vol); factor Vila, 0.05 ug/ mL; factor Xa, 2.5 
pg/mL; *H-factor IX, 5 pg/mL; and Ca**, 10 mmol/L. 
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Fig 7. Evidence that tissue factor retains its activity after 
dissociation from an inhibited factor Vila/tissue factor complex. 
After two hours’ incubation at 37°C, the factor Vila/tissue 
factor /Ca** compiex was pelleted from incubation mixtures made 
with factor Vil, particulate tissue factor, factor IX [te activate 
factor Vil in mixtures that did not contain factor Xa), calcium and 
the following: {O} factor Xa, buffer; (A) barium-absorbed plasma, 
buffer; and {D} factor Xa, barium-absorbed plasma—containing 
buffer. Then, pellets were resuspended in EDTA-containing buffer 
to dissociate the tissue factor. The dissociated tissue factor was 
washed twice in EDTA-containing buffer and resuspended in 
caicium-containing buffer. The tissue factor was then tested for 
activity as measured by its ability to support the activation of 
"H—factor IX in a reaction mixture containing factor Vil. calcium, 
and *H-factor IX. 


crude preparations, both EPI and factor Xa were required to 
inhibit the enzymatic activity of a factor VIla/ purified Ussue 
factor complex. Furthermore, as with the crude preparation, 
DEGR-CK-treated factor Xa failed to support EPI-induced 
inhibition. 


DISCUSSION 


In earlier work from this laboratory, a plasma mechanism 
for inhibiting the enzymatic activity of factor Vila/tissue 
factor was described that involves both a plasma-inhibitory 
material and factor Xa.“ The earlier data did not allow us to 
conclude whether inhibition stemmed from neutralization of 
only the tissue factor component of the complex or from 
neutralization of the complex as a whole. 

The data presented herein now establish that inhibition 
induced by the plasma-inhibitory material (provisionally 
called EPH and factor Xa results from the inhibition of the 
complex as a whole. Thus, when an inhibited factor VHa/ 
tissue factor complex was dissociated with EDTA and then 
reassociated with calcium under conditions in which the 
reaction mixture contained an excess of free factor Vila or of 
free tissue factor but not of both, a new factor Vila/tissue 
factor complex with enzymatic activity was not demonstra- 
ble. Only when the reaction mixture contained both addi- 
tional factor VH and tissue factor did recalcified reaction 
mixtures exhibit new factor Vila/tissue factor enzymatic 
activity (Fig 1). 

if the reaction mixtures initially contained excess free 
factor VII, then adding more tissue factor alone induced a 
second wave of factor Vila/tissue factor enzymatic activity. 
Such a second wave often activated more factor IX than did 
the first wave of activity (Fig 2). However, one could curtail 
the second wave of enzymatic activity by supplementing the 
reaction mixture with additional EPI and factor X (Fig 2). H 
would appear, therefore, that normal plasma contains a 
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concentration of EPI sufficient to limit extrinsic coagulation 
initiated by a low concentration of the factor VII/tissue 
factor complex but insufficient to limit extrinsic coagulation 
initiated by a higher concentration of the factor VII/tissue 
factor complex (such as might occur pathologically when the 
contact of blood with brain tissue after head trauma leads to 
extensive defibrination'®). 

Inhibition of the factor Vila/tissue factor enzymatic 
activity does not inhibit tissue factor irreversibly. Tissue 
factor resuspended from a pellet recovered after dissociating 
an inhibited factor VIla/tissue factor complex retained its 
ability to function as a cofactor in a new factor VIla/tissue 
factor complex (Fig 7). Moreover, the supernatant obtained 
after centrifuging a dissociated, inhibited factor VIla/tissue 
factor complex had factor VH(a) coagulant activity. For 
example, in one experiment the supernatant gave a clotting 
time in a one-stage factor VII assay of 26 seconds as 
compared with the inhibited reaction mixture before decal- 
cification, which gave a clotting time of 53 seconds in the 
assay. However, present data are inadequate to estimate the 
extent of recovery of factor VII activity in supernatants of 
decalcified, inhibited complexes. This will require the use of 
the coupled amidolytic factor VH assay technique” to elimi- 
nate the differences in measured factor VII activity stem- 
ming from a variation in the ratios of factor Vlla to factor 
Vil in supernatants of experimental and control reaction 
mixtures. 

In experiments carried out before the discovery of factor 
X, Hjort” found that the increased coagulant activity result- 
ing from the incubation of “proconvertin reagent,” tissue 
factor, and calcium (which was referred to as convertin) 
could be inhibited by a material in barium-absorbed serum 
(which was referred to as anticonvertin). It is now clear that 
Hjorts “proconvertin reagent” contained both factor VII 
and factor X and, therefore, that factor Xa was generated in 
his reaction mixtures. Thus, what we have called EPI almost 
surely is Hjort’s original anticonvertin activity. This possibil- 
ity receives further support from Hjort’s observation’? that 
both tissue factor and proconvertin (factor VII) activity 
could be recovered after decalcification of inhibited “conver- 
tin.” 

Recent observations of inhibition of the factor V Ha /tissue 
factor enzymatic activity by other investigators also appear 
related to the EPI-factor Xa mechanism. In 1981, Carson”? 
reported that plasma high-density lipoproteins could inhibit 
the factor Vila/tissue factor activation of factor X. Since we 
can recover about 50% of the total EPI activity of plasma ina 
lipoprotein fraction of plasma, the activity Carson described 
very probably is EPI. His use of factor X as the substrate for 
factor Vila/tissue factor masked the need for factor Xa to 
observe the inhibitory effect. The experiments on the inhibi- 
tion of activated factor VII by normal plasma reported by 
Dahl and coworkers” are also best explained by an EPI- 
factor Xa—induced inhibition of the factor VIla/tissue factor 
complex. Morrison and Jesty’s”' report that factor Xa inhib- 
its the tissue factor-dependent activation of factor IX in 
human plasma can be accounted for by the requirement for 
factor Xa for the inhibitory effect of EPI. More recently, 
Hubbard and Jennings” have also provided data showing the 
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participation of factor Xa in the inhibition of tissue factor 
activity by a plasma component (presumably EPI). 

The mechanism of factor Xa’s participation in the inhibi- 
tory reaction is not yet known. Since inhibiting factor Xa’s 
active site abolishes EPI’s ability to participate in the inhibi- 
tory reaction, it would be logical to assume that factor Ka 
acts enzymatically. Yet, in experiments in which factor Xa 
was first incubated with components of incomplete reaction 
mixtures and then neutralized with anti-factor X antibodies, 
we could not obtain evidence that factor Xa’s role was to act 
enzymatically upon EPI in the absence of factor VIla/tissue 
factor or, conversely, upon factor Vila/tissue factor in the 
absence of EPI. 

If all components except the factor IX substrate were 
allowed to incubate together and the factor Xa was neutral- 
ized with antibedies before adding the substrate, then factor 
Vila/tissue factor enzymatic activity was inhibited (Fig 3). 
Thus, factor Xa appears to exert its role in a reaction 
independent of the substrate. The data as a whole are 
compatibie with a hypothesis that factor Xa acts enzymati- 
cally upon EPI but only when factor Vila, tissue factor, and 
calcium are also present. This hypothesis will be tested 
further when a more highly purified EPI preparation 
becomes available. 

How EPI induces inhibition is aiso not yet understood. As 
already mentioned and, indeed, as Hjort probably first 
showed in 1957,'* EPI does not irreversibly inactivate tissue 
factor. Nor does EPI appear to inactivate factor VIa). 
Thus, it is most unlikely that EPI acts enzymatically. The 
evidence suggesting that EPI is consumed in the inhibitory 
reaction further supports this conclusion. EPI appears to 
bind to the factor VIla/tissue factor complex, for its activity 
is not demonstrable in the supernatant after centrifugation of 
an inhibited factor VIla/tissue factor complex (Fig 6). 
However, EPI coes remain in the supernatant of a pelleted 
factor Vila/tissue factor complex formed in a reaction 
mixture lacking factor Xa. We take these results to mean 
that binding of EPI to a factor VIla/tissue factor complex is 
required for EPI’s inhibitory effect. This, plus an apparently 
limited concentration of EPI in plasma and the evidence that 
adding a low concentration of tissue factor to plasma leaves a 
large excess of free factor VII in the plasma,” would explain 
why adding a high concentration of tissue factor to plasma 
can bypass the inhibitory effect of EPI upon factor VHa/ 
tissue factor activity. 

The bleeding of patients with hemophilia establishes that 
the extrinsic pathway, acting alone, cannot generate suffi- 
cient factor Xa for normal hemostasis. Inhibition of factor 
Vila/tissue factor activity triggered by the factor Xa it 
generates could account for the need for a factor [Xa/factor 
Villa/phospholipid activator for continuing generation of 


mechanism for the inhibition of factor Vila/tissue factor 
enzymatic activity could represent a key regulatory reaction 
for norma’ hemostasis. 
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Cellular and Subcellular Localization of the 
Bactericidal /Permeability-Increasing Protein of Neutrophils 


By Jerrold Weiss and Inge Olsson 


Human and rabbit polymorphonuciear leukocytes contain a 
bactericidal /permeability-increasing protein (BPI), a po- 
tent cytotoxin active specifically against gram-negative 
bacteria. To identify the cell population(s) producing BPI, 
we have examined mature and immature human blood cells 
for BPI by immunofiuorescence of intact cells and radioim- 
munoassay and bioassay of cell extracts. By immunofluo- 
rescence and radioimmunoassay of cells from peripheral 
blood, BPI was detected only in neutrophils: immunofluo- 
rescent staining was punctate, indicative of the granule 
localization of BPI. Nearly all (>90%) BPI was recovered 
during the subcellular fractionation of neutrophils (N, cavi- 
tation and discontinuous Percoll gradient) in fractions 
containing primary granules. Little BP! was released from 
intact cells during degranulation (cytochalasin B and f- 
Met-Leu-Phe) or could be extracted from isolated granules 
with salt or weak acid, which suggests that most granule- 
associated BPI is membrane bound. Double staining of bone 


EUTROPHILIC (heterophilic) polymorphonuclear 
leukocytes (PMN) are highly specialized phagocytic 
cells that play a primary role in defense of the host against 
invading microorganisms.’ For this purpose, PMN elaborate 
a variety of microbicidal agents.” One of these cytotoxic 
substances is a membrane-active cationic protein with potent 
cytotoxic activity directed specifically against several species 
of gram-negative bacteria.” We have isolated this protein 
from human neutrophils and a very similar protein from 
rabbit PMN.“ In both species, this bactericidal / permeabili- 
ty-increasing protein (BPI) appears to play an important role 
in the killing of several species of gram-negative bacteria by 
PMN 249 
Both human and rabbit BPI are localized in cytoplasmic 
granules,”’""’ specialized organelles that contribute greatly 
to the antimicrobial function of PMN." Preliminary 
examination of other phagecytic and nonphagocytic blood 
cells (bioassay of cell extracts) has suggested that BPI is 
present predominantly, if not solely, in neutrophilic (hetero- 
philic) PMN.“ We have now used immunofluorescence and 
radioimmune assays to demonstrate that BPI is a specific 
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marrow smears for BPI and lactoferrin revealed BPI only in 
neutrophil precursors including (pro)myelocytelike cells 
lacking lactoferrin, a marker of neutrophil secondary gran- 
ules. Of several human cell lines tested, only the promy- 
elocytelike HL-60 (and to a lesser extent, KG-1) cells 
contained BPI. BPI was present in a more mature subpopu- 
lation (<25%) of untreated HL-60 cells, recognized by 
surface marker analysis (rosetting with IgG-sensitized 
sheep RBC, the absence of proliferation-associated cell 
surface antigen). Induction of neutrophilic or monocytic 
differentiation caused, respectively, a small (approximately 
50%) rise or fall in the BPI content. These findings indicate 
that BPI is a specific product of the neutrophil lineage and, 
hence, of the specialized cytotoxic apparatus of the neu- 
trophii that plays an essential role in host defense v 
gram-negative bacteria. 

a 1987 by Grune & Stratton, inc. 


product of the neutrophil that is synthesized at or around the 
promyelocyte stage of differentiation and stored in the 
primary granules. Studies on the promyelocytelike leukemic 
cell line HL-60 suggest that the synthesis of BPI may occur 
after that of the primary granule protein myeloperoxidase. 


MATERIALS AND METHODS 


Cells. Heparinized venous blood from healthy volunteers and 
bone marrow aspirates collected for diagnostic purposes by the 
hematology service were obtained after informed consent. Only bone 
marrow samples with the normal myeloid spectrum were used. 
Mononuclear and polymorphonuclear leukocytes and erythrocytes 
were separated by sedimentation on discontinuous density gradients 
of Ficoll 400/sodium diatrizoate {Sigma Chemical Co, St Louis). “ 
Platelet-rich suspensions were collected from outdated (one to five 
days) blood obtained from the New York Blood Bank as previously 
described.'* 

All cell lines were maintained in culture at 2 x 10 to 2 x 10° 
cells/mL in RPMI 1640 medium supplemented with 10% to 20% 
heat-inactivated fetal bovine serum, 2 mmol/L glutamine, 100 
U/mL penicillin, and 100 ug /mL streptomycin. 

All cells were washed twice with Dulbecco’s phosphate-buffered 
saline supplemented with 0.2% {wt/vol} bovine serum albumin 
(PBSA) before use. Cell smears were prepared by cytospin (5 x 10° 
cells in 0.1 mL PBSA; Shandon Southern Instruments, Inc, Sewick- 
ley, PA) and stained (May-Griinwald-Giemsa) for differential 
counting. Eosinophils and basophils were also identified by their 
characteristic granular appearance seen by phase-contrast micros- 
copy. 

Differentiated HL-60 cells were recognized by the reduction of 
nitroblue tetrazolium after stimulation with phorbol myristate ace- 
tate (I pg/mL} Ý and by the expression of nonspecific esterase 
activity.’® 

Fractionation of HL-60 cells by rosetting with 1gG-coated sheep 
erythrocytes. HL-60 cells were incubated with an equal number of 
sheep erythrocytes that had been pretreated with a subagglutinating 
dose of rabbit (antisheep erythrocyte) antiserum. After the incuba- 
tion (ten minutes at 4 °C followed by centrifugation at 50 to 100 g 
for five minutes and an additional 60-minute incubation at 4 °C}, 
roseiting and nonrosetting cells were separated by sedimentation in a 
density gradient of Isopaque-Ficoll. After separation, erythrocytes 
were lysed by brief treatment with distiHed water. 
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NEUTROPHIL BACTERICIDAL PROTEIN LOCALIZATION 


Antibodies and immunoblotting. Antisera to human BPI and 
myeloperoxidase were obtained after immunization of New Zealand 
White rabbits with purified BPI® and myeloperoxidase,” respec- 
tively. Preimmune sera were collected from the same rabbits before 
immunization. The mouse monoclonal antibody Y201'* was gener- 
ously provided by Dr Mary B. Todd (Department of Medicine, Yale 
University School of Medicine, New Haven, CT). 

The specificity of the rabbit (anti-BPI) serum was confirmed by 
Western blot analysis of the serum against a crude extract of 
neutrophils (Fig 1). Neutrophils (10*/mL) were extracted with 1% 
Triton X-100/1% sodium deoxycholate/! mmol/L phenylmethane- 
sulfonyl fluoride by sonication for 10 seconds at 40 W (4°C) 
followed by a 60-minute incubation at 15 to 20°C. Solubilized 
proteins were collected by centrifugation at 20,000 g for 20 minutes, 
separated by electrophoresis in sodium dodecyl sulfate—polyacryl- 
amide gels,” and transferred to nitrocellulose by electroblotting.”” 
The nitrocellulose paper containing transferred proteins was then 
treated sequentially with 3% BSA in 10 mmol/L Tris-buffered 
saline (TBS), pH 7.4; anti-BPI serum diluted 100-fold in 3% 
BSA-TBS containing 0.5% Nonidet P-40 (NP40)/5 mmol/EDTA; 
and, after washing with TBS, [I'*]goat (antirabbit IgG) F(ab’), 
(New England Nuclear, Boston; 100,000 cpm/mL) in 3% BSA-TBS 
and 0.5% NP40/5 mmol/L EDTA. After washing in TBS, the paper 
was dried and exposed using Kodak X-Omat AR film. 

Immunofluorescence. For detection of intracellular (granule) 
proteins, cell smears (cytospin) were fixed for one minute at 4 °C in 
buffered formalin acetone.” The fixed smears were washed in PBS, 
rinsed with PBSA, and overlaid for ten minutes at room temperature 
with 10% heat-treated pooled human serum to occupy the nonspe- 
cific binding sites. After rinsing with PBSA, the smears were 
overlaid for 30 minutes with rabbit (anti-BPI) or (antimyeloperoxi- 
dase) serum diluted 100- to 300-fold in PBSA. After washing, the 
smears were overlaid for 30 minutes with rhodamine-labeled swine 
(antirabbit Ig) Ig (Accurate Chemical & Scientific Corp, Westbury, 
NY) diluted 80-fold with PBSA. Excess rhodamine-labeled Ig was 
removed in three washes (30 minutes) with PBS. For double staining 
of BPI and lactoferrin, the smears were then soaked in 1% rabbit 





Fig1. Specificity of rabbit (anti-BPi) serum shown by immuno- 
blotting. A crude extract of neutrophils was electrophoresed in 
duplicate in a sodium dodecyl sulfate-(10%) polyacrylamide gel. 
(A) The sample was stained with Coomassie biue. (B) The sample 
was analyzed by immunoblotting as described in Materials and 
Methods. Migration of BPI is indicated. 
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serum (to occupy the remaining binding sites on swine [antirabbit 
lg] Ig), rinsed in PBSA, overlaid for 30 minutes with 1% rabbit 
(antihuman lactoferrin) F(ab), conjugated with fluorescein isothio- 
cyanate (FITC), and washed with PBS. 

For double staining of BPI and the cell surface antigen recognized 
by the mouse monoclonal antibody Y 201, unfixed cells were treated 
in suspension at 4°C with the murine monoclonal!” and, after 
washing, with FITC-labeled goat (antimouse IgG plus IgM) Ig 
(Accurate Chemical & Scientific Corp). After washing, cell smears 
were prepared by cytospin and then fixed and stained for BPI as was 
described. 

After staining, the smears were covered with glycerol:PBS (9:1, 
vol/vol) containing | mg/mL p-phenylenediamine” and a coverslip 
and examined under oil using a Leitz Orthoplan fluorescent micro- 
scope (E. Leitz, Inc, Rockleigh, NJ) with excitation and barrier 
filters for FITC and rhodamine staining. Phtographs were taken 
with Kodak Tri-X pan (ASA 400) film at approximately | ,000 x 
magnification. 

Degranulation. Neutrophils (4.5 x 10'/mL) were incubated at 
37 °C in 20 mmol/L Hepes-buffered saline containing 45% (vol/vol) 
Hanks’ buffered solution (M.A. Bioproducts, Walkersville, MD), 
pH 7.4, for five minutes in the presence and absence of 5 wg/mL 
cytochalasin B (Aldrich Chemical Co, Milwaukee) and then for 20 
minutes with or without f-Met-Leu-Phe (Sigma Chemical Co). Cells 
and extracellular medium were separated by centrifugation (250 g, 
10 minutes). Cells were extracted cither with 0.2% Triton X-100 or 
as described for immunoblotting. 

Subcellular fractionation. Primary and secondary granules of 
the neutrophils were separated as previously described” by N, 
cavitation of purified neutrophils and sedimentation of the postnu- 
clear supernatant in a discontinuous Percoll (Pharmacia Fine Chem- 
icals, Piscataway, NJ) gradient. The fractions were collected from 
the top of the gradients with a Densi-Flow pump (Buchler Instru- 
ments, Fort Lee. NJ). The particulate fractions were localized by 
measuring the absorbance at 450 nm, and fractions corresponding to 
separated a and 8 bands were pooled. 

Extraction of granule proteins. A mixed granule-rich fraction 
of neutrophils was collected by sedimentation (10,000 g, 20 minutes) 
of the postnuclear supernatant obtained after N, cavitation. The 
granule-rich pellet was resuspended at 2 x 10° cell equivalents/ml 
in various media (see Table 2 below) by sonication (10 seconds at 40 
to 50 W at 4 °C) and then incubated at 4 ° for one hour. Solubilized 
material was isolated by centrifugation at 23,000 g for 20 minutes. 
The pellet was resuspended as before, and the extraction was 
repeated. The remaining insoluble residue was extracted with 0.2% 
Triton X-100 or 1% Triton X-100/1% sodium deoxycholate before 
assay. 

Radioimmunoassay. BPI, myeloperoxidase, and lactoferrin 
were measured in Triton X-100/sodium deoxycholate extracts of 
whole cells or subcellular fractions by dot blotting on nitrocellulose 
following essentially the same procedure as described for immuno- 
blotting and elsewhere.’ Rabbit (antihuman lactoferrin) Ig was 
purchased from Accurate Chemicals & Scientific Corp. Standard 
curves with purified BPI, myeloperoxidase and lactoferrin (Calbio- 
chem, La Jolla, CA) were used to quantitate the protein content in 
crude extracts. The amount of '**I-goat (antirabbit lg) F(ab’), bound 
to strips treated with preimmune serum or in the absence of added 
antigen was <5% of the maximum binding to strips treated with 
immune serum and antigen and was subtracted for quantitation. 

Bioassay of BPI, The BPI content of whole cell extracts was also 
determined by measuring the bactericidal activity of 0.16 N H,SO, 
extracts toward BPlI-sensitive Escherichia coli S15° in comparison 
with that of purified BPI. The BPI content assessed by bioassay and 
radioimmunoassay matched closely. The bactericidal activity 
toward E coli of crude extracts could be blocked by goat (anti-BPI) 
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IgG,” thereby confirming that the bioactivity was specifically attrib- 
utable to BPI 

Miscellaneous. Protein was measured by the method of Lowry 
et al, using BSA as a standard. Elastase was measured by hydroly- 
sis of methoxysuccinyl-(L-alany!),-L-prolyl-L-valyl—p-nitroanilide.” 
Purified BPI was radioiodinated using iodogen-coated beads (Pro 
Tag: J.T, Baker Co, Philadelphia).** 


RESULTS 


BPI is present exclusively in neutrophils. To identify 


blood cells that contain BPI, we treated fixed smears of 


mixed human peripheral blood cells with rabbit anti-BPI 
serum and, after washing, rhodamine-labeled swine (anti- 
rabbit Ig) antibodies. After this treatment, only neutrophils 
were brightly fluorescent (Fig 2A and B, Table |). Lympho- 
cytes, monocytes, erythrocytes, platelets, and basophils 
showed little or no fluorescence. Eosinophils exhibited pale 
fluorescence (Fig 2A), but as previously noted by others,” 


this was nonspecific (ie, of equal intensity after treatment of 


the cells with immune or preimmune serum). Moreover, 


unlike the rhodamine staining of neutrophils, staining of 


eosinophils was also visible with filters for fluorescein excita- 
tion and emission. Neutrophil staining was very similar from 
cell to cell and from individual to individual (n > 50) and 
typically had a punctate appearance consistent with the 


° . ~ ‘ 5 | è ` 
localization of BPI in cytoplasmic granules.”'' No staining of 


neutrophils was seen when the cells were treated with either 


preimmune rabbit serum or immune serum depleted of 


anti-BPI antibodies by pretreatment with purified BPI. 

The BPI content of human neutrophils was assessed more 
quantitatively by radioimmunoassay of purified neutrophil 
preparations (Table 1). Neutrophils contain 65 
BPI/10° cells (range, 41 to 88 ug/10* cells; n 
senting 0.6% 


5) repre- 
0.1% of the total neutrophil protein. In 
contrast, mononuclear leukocytes and platelet-rich suspen- 
sions contain virtually no BPI-like immunoreactive material 
(Table 1). 

Localization of BPI in primary granules of neutro- 
phils. To determine in which of the two main granule 
populations of the neutrophils BPI is localized, postnuclear 
supernatants of disrupted neutrophils were subjected to 


density gradient centrifugation in discontinuous Percoll gra- 
dients. As originally described,” this procedure yielded two 
1.13 g/mL] and 8 [p = 1.08 
g/mL]) in which the primary and secondary granules were 
nearly completely separated as judged by the distribution of 
myeloperoxidase and lactoferrin (Table 2).** BPI was recov- 


granule-rich fractions (œ, [p 





6.3 ug of 
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Table 1. Localization of BPI in the Neutrophils of Peripheral Blood 














Immunofiuorescence RIA 
Cels (% Positive) (ug BP!/ 10" Cells) 

Neutrophils 100 65 + 6 
Monocytes 0 0.6 + 0.5° 
Lymphocytes 0 
Platelets 0 0.3 
Erythrocytes 0 NT 
Eosinophils 0 NT 
Basophds 0 NT 





Abbrevietions: RIA, radioimmunoassay; NT, not tested 
*Eighty 3ercent lymphocytes, 20% monocytes. with 1% contamina 
tion of neutrophils 


ered almost exclusively in the æ fraction (Table 2), which 
indicates that it is localized in the primary granules 

In comparison with myeloperoxidase, lactoferrin, and 
elastase (another primary granule protein), very little BPI is 
released into the extracellular medium during treatment of 
Intact neutrophils with cytochalasin B and f-Met-Leu-Phe 
(Table 2). That BPI is more tightly associated with the 
granules than are these other granule proteins is also indi- 
cated by ‘he finding that treatment of isolated granules with 
either sal’ (0.15 to 1.0 mol/L NaCl) or weak acid (0.2 mol/L 
sodium acetate/acetic acid [pH 4.0]) releases nearly all the 
myeloper >xidase, lactoferrin, and elastase in soluble form 
but only a small proportion of BPI (Table 2). Purified 
‘1-BPI added to extracted granules is recovered in the 
soluble phase, thereby indicating that the granule-associated 
BPI is tigatly membrane bound and not artifactually trapped 
in the insoluble granule residue. Treatment with 1% Triton 
X-100 and sodium deoxycholate solubilizes BPI as assessed 
by radioimmunoassay and Western blots (data not shown) 

Immurofluorescent staining of BPI in bone marrow 
cells. Because the primary granules are formed before the 
secondary granules,” BPI may be expected to appear before 
lactoferrin during myeloid differentiation. Indeed, double 
immunofluorescent staining of BPI and lactoferrin in human 
bone marrow cells revealed BPI-positive/lactoferrin-nega- 
tive precursor cells (Figs 3A and B) that morphologically 
resembled early myeloid precursors (eg, [pro]myelocytes) 
that contain only primary granules. All lactoferrin-positive 
cells also stained positively for BPI and resembled later 
myeloid precursors that contain both primary and secondary 
granules (Figs 3A and B). 

Presence of BPI in promyelocytelike cell lineis). To 
substantiate further that BPI is a specific product of the 


Fig 2. Immunofluorescent 
Staining of BPI in cells from 
human peripheral blood. All neu- 
trophils and only neutrophils 
Stain brightly. (A) The cell at the 
top is an eosinophil. (B) The 
photomicrograph is overexposed 
to aid the detection of unstained 
cells (eg, monocyte, lymphocyte, 
erythrocytes). 


NEUTROPHIL BACTERICIDAL PROTEIN LOCALIZATION 


Table 2. Localization of BPI in Primary Granules: Evidence 
Suggesting Membrane Association 


Myeloperoxidase Lactoferrin Elastase BPI* 


Percoll gradientt 


ce Fraction 80 +8 4+4 NT 91+5 

B Fraction 20 +8 96 +4 NT 9+5 
Release during de- 

granulationt 22+3 S6+S 63+9 72 


Extraction§ from 
granules during 
treatment with 
Salt 78 +3 80 +2 NT 
Weak acid -95 NT -95 


25 +3 
28-40 


*Measured by radioimmunoassay. 

tDistribution of granule proteins in pooled œ and 8 fractions expressed 
as a percentage of the total recovered in those fractions. Values shown 
represent the mean + SEM of three separate determinations. 

tPercentage of protein recovered in extracellular medium after treat- 
ment of neutrophils with cytochalasin B plus f-Met-Leu-Phe (mean 
SEM, n = 
subtracted. The total protein recovery (treated v untreated cells) is greater 
than 80%. 

Percentage of protein recovered from the supernatant at 20,000 g 


3). The spontaneous release from untreated cells (<5%) is 


for 20 minutes after treatment of the mixed granule-rich fraction with salt 
(0.15 or 1.0 mol/L NaCl + 20 mmol/L Hepes, pH 7.3: mean + SEM: n = 
4) or weak acid (0.2 mol/L sodium acetate/acetic acid, pH 4.0; range of 
two determinations). 


neutrophil lineage and is present only in myeloid cells that 
contain primary granules, we examined several leukemic and 
nonleukemic human cell lines for BPI. Only cell lines with 
promyelocytelike cells (HL-60° and, to a lesser extent, 
KG-1*’) contained BPI as judged by immunofluorescence as 
well as by radioimmunoassay and bioassay of the cell 
extracts (Table 3). No BPI was detected in myeloid cell lines 
that do not mature beyond the myeloblast stage or in cells of 
other lineages. 

Even in the HL-60 cell line (passage 30 to 40) with its 
predominance of promyelocytelike cells rich in myeloperoxi- 
dase™* (Table 4), only relatively few cells are BPI-positive, 
and the overall BPI content is low compared with mature 
neutrophils (either of normal or leukemic origin) (Table 3). 
Brightly staining BPI-positive cells are significantly enriched 
in the small subpopulation (about 15%)** of HL-60 cells that 
form rosettes with IgG-sensitized sheep erythrocytes (ie, Fe 
receptor—positive) and reciprocally diminished in the Fe 
receptor—negative cells (Table 4). More striking is the 


anti- BPI 


Fig 3. Double immunofluorescent 
staining of BPI (A) and lactoferrin (LF) 
(B) in human bone marrow cells. 
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almost mutually exclusive cellular localization of BPI and a 
cell surface antigen associated with cellular proliferative 
capacity that is recognized by monoclonal antibody Y 201" 
(Table 4, Fig 4A and B). As judged by double immunofluo- 
rescence, nearly all (88% + 3%) BPl-positive cells are 
Y201-negative, which represents the less proliferative sub- 
population (about 20% to 35%) of HL-60 cells."* In contrast, 
Y 201-positive and Y201-negative cells show nearly identical 
staining for myeloperoxidase (Table 4); only 26% + 5% of 
the myeloperoxidase-positive HL-60 cells are Y201-nega- 
tive. 

Because the absence of the Y201 surface antigen and the 
presence of Fe receptors might reflect a more mature pheno- 
type of the BPlI-positive cells, we examined the effect of 
further differentiation in vitro on the BPI content of HL-60 
cells. Treatment of HL-60 cells for four to six days with 
either retinoic acid (10°° mol/L) or dimethyl sulfoxide 
(DMSO) (1.3%) induces differentiation in a granulocytic 
(neutrophilic) direction’ and increased the fraction of 
BPI-positive cells by up to twofold and the overall cellular 
content of BPI by 50% (Table 5). In contrast, during the 
same treatment, the myeloperoxidase content of HL-60 cells 
declines by two- to three-fold (Table 5).*** The increase in 
BPI content is restricted to granulocytic (neutrophilic) dif- 
ferentiation; treatment with either phorbol myristate acetate 
(10°° mol/L) or a T cell-derived differentiation-inducing 
factor” induces monocyte /macrophage-like cellular charac- 
teristics’ and a reduction in the BPI content as judged by 
immunofluorescence (Table 5). Incubation of HL-60 cells in 
slightly alkaline medium induces eosinophilic differentia- 
tion*' and also a reduction in BPI-specific immunofluores- 
cent staining (not shown). 


DISCUSSION 


As judged by immunofluorescence of intact cells and 
radioimmunoassay and bioassay of cell extracts, BPI occurs 
only in neutrophils and its precursors in peripheral blood or 
bone marrow and in myeloid (leukemic) cell lines. Along 
with other antimicrobial proteins and peptides of the neutro- 
phil,*** BPI is located in the primary granules. BPI differs 
from other primary granule proteins in that it remains 
sedimentable under conditions that result in solubilization/ 
release of proteins such as elastase and myeloperoxidase 
(Table 2). The highly basic BPI also exhibits hydrophobic 
properties. These are revealed in its interaction with target 


anti-LF 
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Table 3. BPI Content of Various Human Cell Lines 


WEISS AND OLSON 

















Immunofiuorescence BP! Content” 
Call Line Main Cellular Characteristics (Percent Strong Fluorescence) (ua/ 10° Cells) 
Leukemuic 
HL-60 Promyelocytes2sf 14-231 14+2 
KG-1 Myeloblasts (promyelocytes)2s +§ 3-5 
KG-la Myeloblasts3o 0 NT 
U-937 Monoblastss 0 NT 
K 562 Early myeloid/erythroid blasts2s 0 0.5 
MOLT-4, PS-2, EO-1 T lymphoblastsaz o NT 
Nonleukemic 
HeLa Fibroblast 0 NT 
HT 29 Colon adenocarcinoma 0 NT 
A673 Rhabdomyosarcoma o NT 
SK-N-SH Neuroblastomas3 0 NT 
Mature neutrophils 
Normal 100 65 +6 
CML 100 70+5 














Abbreviation: CML. chronic myeloid leukemia. 

* Measured by radioimmunoassay and bioassay of crude ceil extracts 
tReferences indicated within parentheses, 

tRange of seven determinations. 


SLess than 20% of the cells are weakly positive. 


The BPI content of normal neutrophils is taken from Table 1; the BPI content of mature neutrophils of CML patients ts taken from reference 6 


Table 4. Surface Marker Characteristics of BPI-Positive and 
Myeloperoxidase-Positive Subpopulations of HL-60 Cells 





Immunofluorescent-Positive 








Celis (%)* 

HL-60 (Sub)population BP! MPO 
Total 18 + 2 77 +5 
Rosette-forming (FcR +) +t 58+ 6 NT 
FcR 9322 NT 
Y201+f + 4 79 +5 
Y201 77+4 69 +3 





The number of experiments is three for every subpopulation 

Abbreviation: MPO, myeloperoxidase. 

*Percentage of brightly stained cells, mean +SEM 

tCells forming rosettes with |qgG-sensitized sheep erythrocytes (ie, Fc 
receptor [FcR]-positive) 

tCells staining (immunofluorescence) after incubation with the mono- 
clonal antibody Y201 (74% + 5% of the HL-60 cells, n = 3) 


bacteria*’ and also with the synthetic hydrophobic matrices 
including phenyl-Sepharose and reverse-phase columns (un- 
published observations), thus distinguishing BPI from other 
highly cationic granule proteins. The combination of strong 


positive charge and lipophilic properties may account for the 
firm association of BPI with the granule membrane 





Treatment of isolated granules with salt and/or weak acid 
reproducibly extracts 25% to 40% of the granule-associated 
BPI (Table 2). Strong acid (0.16 N H,SO,) is needed to 
solubilize most of the BPI.” Whether the differential solubili- 
zation of BPI reflects heterogeneity in the BPI molecules or 
in their association with granule constituents” and hence in 
their bioavailability for antibacterial action has not yet been 
determined. The localization of BPI in primary granules and 
In association with their membranes may favor the retention 
of this bactericidal agent within phagolysosomes” and, con- 
sequently, its intracellular action against ingested bacte- 
oT Raa 

Recent studies of the biosynthesis of myeloperoxidase and 
lactoferrin during myeloid differentiation have suggested 
that these granule proteins are produced during the limited 


46-48 T : ; 5 
1.“ The localization of 


time frame when granules are formec 
BPI in primary granules implies therefore that BPI is 
synthesized at or around the promvelocyte stage“ and before 
the synthesis of secondary granule proteins such as lactofer- 
rin. It is fitting, therefore, that BPI+ /lactoferrin— precur- 
sor cells in bone marrow stain most intensely for BPI (Fig 3) 
because it would be expected that the accumulation of BPI is 


limited to the period of assembly of the primary granules, 


Fig 4. Double immuno- 
fluorescent staining of the pro- 
liferation-associated cell sur 
face antigen (Y201) (A) and BPI 
(B) in HL-60 cells. 
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Table 5. Effect of Various Differentiation-inducing Agents on the BPI Content of HL-60 Celis 





Agent* Differentiation t 





nee sewn, 


Retinoic acid (107° mol/L) Granulocytic (63-88) 
DMSO (1.3%) Granulocytic (60-84) 
PMA (107% mol/L) Monocytic (46-75) 
DIF Monocytic (39-65) 





cheer Aten aaa aa a aana 


Immunofluorescence RIA 
(Percent Strong Fluorescence} (ug/mg Cell Protein) 
18+ 1 1.2 oa, Q2 
30 NT 
35 + 2 1.8 + 0.2 
8 +2 NT 
9 NT 


Abbreviations: PMA, phorbol myristate acetate; DIF, differentiation inducing factor. 

*HL-60 cells (2 x 10°/mL) were incubated for four days in medium containing the indicated supplement. After washing the cells in unsupplemented 
medium, the BPI content was measured. Results shown represent the mean (+ SEM, where indicated) of two or more independent determinations. 

+ Differentiation induced during treatment; numbers in parenthesis indicate the percentage of cells (range} displaying differentiated characteristics (see 


Materials and Methods). 


tAt four days, ceil densities in untreated and OMSO-treated cultures were identical (10°/mL). DMSO treatment caused a reduction in the cellular 
content of myeloperoxidase: immunofiuorescence, reduced from 81% to 37% bright staining; RIA, reduced from 29 to 12 ug/mg cell protein. 


with dilution of their contents during subsequent cell divi- 
sions.” The fact that earlier myeloid precursors (myelo- 
blasts) either in culture or in blood of patients with myeloid 
leukemia in blast crisis do not contain detectable BPI also fits 
the prediction. | 
Whether or not all primary granule proteins are synthe- 
sized at the same time is unknown. Some subcellular frac- 
tionation studies have revealed heterogeneity within putative 
primary granule fractions.“ HL-60 cells are rich in 
myeloperoxidase but contain relatively little BPI and also 
subnormal amounts of other primary granule proteins. 
The enrichment of BPI in an apparently more mature 
subpopulation (FcR + Y201—,'**°°' Table 4) of uninduced 
cells together with the increase in the BPI content and 
decrease in the myeloperoxidase content that accompany 
further differentiation of HL-60 cells (induced by DMSO) 
may mean that in these cells synthesis of BPI follows that of 
myeloperoxidase. Such dissociation may be an abnormal 
feature of this leukemic cell line. However, these observa- 
tions may also represent normal aspects of the biogenesis of 
primary granules. Because myeloperoxidase, unlike BPI, is 
present in monocytes as well as neutrophils,” synthesis of 
myeloperoxidase may commence in a precursor cell capable 
of following either the neutrophilic or the monocytic 
paths, whereas synthesis of a neutrophil-specific protein 
such as BPI would not begin until the cell becomes commit- 
ted to the neutrophilic lineage. The majority of HL-60 cells, 


which are capable of differentiating in either a granulocytic 
or monocytic direction,’ may represent cells just before 
commitment when the dissociation of the accumulation of 
myeloperoxidase and BPI is clearly manifested. Because of 
the uncertainties concerning the fidelity of differentiation of 
malignant cells in culture, verification of these concepts must 
await similar studies on normal bone marrow cells. 

That production of BPI is apparently limited to cells of the 
neutrophil lineage may reflect both the strict target cell 
specificity of this antibacterial protein**” and the predomi- 
nant role of the neutrophil in host defense against BPI- 
sensitive gram-negative bacterial species.*** A comparison of 
the structural and functional properties of BPI isolated from 
human and rabbit polymorphonuclear leukocytes has shown 
that BPI is a highly conserved cytotoxic protein 7 which 
is consistent with the view that its exclusive production by the 
highly specialized neutrophil signifies an important antibac- 
terial function. 
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Dipyridamole Stimulates Urokinase Production and Suppresses Procoagulant 
Activity of Rabbit Alveolar Macrophages: A Possible Mechanism of 
Antithrombotic Action 


By Jeffrey D. Hasday and Robert G. Sitrin 


Dipyridamole, an inhibitor of platelet aggregation, has been 
shown to have beneficial effects in disorders characterized 
by extravascular fibrin deposition. Mononuclear phago- 
cytes are present in extravascular sites and are capable of 
expressing both plasminogen activator and procoagulant 
activities, which suggests these cells play a central role in 
extravascular fibrin turnover. We therefore sought to 
determine whether dipyridamole affects the expression of 
plasminogen activator and procoagulant activities by rabbit 
alveolar macrophages cultured in vitro. We found that 
dipyridamole (10 to 100 umol/L) caused increases in both 
cell-associated and released plasminogen activator activi- 
ty, which reached levels of 240% {P < .05) and 543% 
(P < .01) of controls, respectively. in contrast, dipyri- 
damole decreased the cell-associated procoagulant activity 
of alveolar macrophages to as little as 21.3% of controls 
(P < .01). Similar effects were seen in cells cotreated with 
lymphokines. The procoagulant activity expressed by 


IPYRIDAMOLE is a pyrimidopyrimidine compound 
widely used in treating thrombotic disease because of 
its actions as a platelet antiaggregant and vasodilator.’ In 
addition, dipyridamole has been used successfully either 
singly or in combined therapy for glomerulonephritis** and 
in animal models of glomerulonephritis and disseminated 
intravascular coagulation.®’ These diseases are character- 
ized histologically by extravascular fibrin deposition as well 
as intravascular platelet-fibrin thrombi. However, it is not 
clear how dipyridamole may also have its antithrombotic 
effects in the extravascular space where platelet aggregation 
and altered blood flow may not be the prime determinants of 
fibrin deposition, 

Mononuclear phagocytes express procoagulant activity 
mainly by producing a tissue thromboplastin that activates 
the extrinsic coagulation pathway.'*’! These cells may also 
contribute to fibrinolysis by producing a plasminogen activa- 
tor’? or plasminogen-independent enzymes.'*'* We have pre- 
viously demonstrated that rabbit alveolar macrophages pro- 
duce both tissue thromboplastin and plasminogen activator 
activities.'°'® Since mononuclear phagocytes are often abun- 
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these cells functioned as a tissue thromboplastin. The 
plasminogen activator of control and treated cells was a 
urokinase as determined by molecular weight characteris- 
tics (50 kilodaltons) and by antibody neutralization profiles 
using polyclonal antibodies against human urokinase and 
tissue plasminogen activator. These effects of dipyri- 
damole could not be duplicated by structurally dissimilar 
agents sharing some of the pharmacological actions of 
dipyridamole; however, two pyrimidopyrimidine com- 
pounds structurally similar to dipyridamole effectively 
mimicked the effects on both procoagulant and plasmin- 
ogen activator activities. We conclude that dipyridamole 
may have antithrombotic effects by directly modulating the 
role of mononuclear phagocytes in fibrin turnover. Thus, 
dipyridamole may be useful in situations where extravascu- 
lar fibrin deposition is important to the pathogenesis of 
tissue injury and repair. 

@ 1987 by Grune & Stratton, Inc. 


dant at sites of inflammation, they may be important cellular 
mediators of tissue deposition and clearance of fibrin. There- 
fore, in this study we sought to determine whether dipyri- 
damole can directly affect macrophage expression of proco- 
agulant or plasminogen activator activities. Such an effect 
would offer a potential explanation for the modulation by 
dipyridamole of extravascular fibrin turnover in inflamma- 
tory foci. 


MATERIALS AND METHODS 


Animals. Normal male New Zealand white rabbits (1.5 to 2 kg) 
were given routine care in the Unit for Laboratory Animal Medi- 
cine, University of Michigan Medical Center. 

Bronchoalveolar lavage. Rabbits were sacrificed by intravenous 
injection of pentobarbital and exsanguinated prior to lavage. The 
trachea was cannulated, and the lungs were lavaged with 35-mL 
aliquots of Dulbecco's calcium and magnesium-free phosphate- 
buffered saline at 37 °C (PBS; GIBCO, Grand Island, NY) until a 
return of 300 mL was obtained. Cells were collected by centrifuga- 
tion and resuspended in 110 mmol/L Tris buffer in 100 mmol/L. 
NaCl (pH 7.0) for two minutes to lyse contaminating erythrocytes. 
The cells were then washed three times in serum-free culture 
medium consisting of RPMI 1640 (GIBCO) containing penicillin 
(100 U/mL), streptomycin (100 ug/mL), gentamicin (100 ug/mL), 
polymyxin B (100 U/mL), and lactalbumin hydrolysate (0.2%; 
GIBCO) and counted with a hemocytometer. 

Preparation of additives, Dipyridamole (Sigma Chemical Co, 
St Louis) and related additives were freshly dissolved in 95% ethyl 
alcohol to 10 mmol/L and further diluted in culture medium. The 
final concentration of ethyl alcohol in cell cultures did not exceed 1% 
and was found to alter neither cell viability nor expression of 
procoagulant and plasminogen activator activities (data not 
shown). 

Lymphocyte-conditioned medium (LCM) was used as a crude 
source of lymphokines. Lymphocyte suspensions were prepared from 
paraortic lymph nodes as previously described.'*'’ The cell suspen- 
sions (>95% lymphocytes) were incubated for 48 hours at 5 x 10° 
cells/mL in medium containing concanavalin A bound to Sepharose 
4B beads (5 ng/mL ConA, Pharmacia Fine Chemicals, Piscataway, 
NJ}. The LCM was then centrifuged to remove celis and ConA- 
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Sepharose, sterilized by filtration, and stored at — 70°C. Prelimi- 
nary data indicated that a 1:8 dilution of LCM was optimal, and one 
such preparation was used in these experiments. 

Cell culture. One million cells were dispensed in | mL of culture 
medium and incubated in duplicate in sterile 12 x 75-mm polypro- 
pylene tubes for 24 hours at 37 °C in 5% CO,-enriched air. Dipyri- 
damole and other additives were included in the culture medium for 
the entire incubation period as indicated. Following incubation, the 
cells were collected by centrifugation and resuspended in fresh 
medium. Cell suspensions and incubation media were stored at 
-20 °C prior to assay. 

Procoagulant assay. The cells were lysed by two cycles of 
freeze-thawing followed by sonication. Preliminary experiments 
showed that the majority of the procoagulant activity remained cell 
associated in vitro because only minimal activity was found in the 
culture supernatants. None of the interventions tested caused a 
significant release of procoagulant activity into the incubation 
medium, thus indicating that modulation of procoagulant activity 
was adequately reflected by changes in the lysate activity. Accord- 
ingly, only cell lysates were routinely measured for proccagulant 
activity. 

Procoagulant activity was assayed using a one-stage coagulation 
assay.'° One hundred microliters of test material was mixed with an 
equal volume of 25 mmol/L CaCl, at 37 °C. Citrated normal rabbit 
plasma (100 aL) was then added, and the time elapsed until fibrin 
formation was measured with an automated coagulation timer (BBL 
Fibrosystem, Cockeysville, MD). Coagulation times of duplicate 
assays were reproducible within 12% over the range of activities 
encountered in this study. Standard curves were derived from serial 
dilutions of macrophage lysate by using a log-log plot of lysate 
concentration and the resultant coagulation time.'® Like identical 
assays using rabbit brain tissue thromboplastin (Sigma), these 
standards were linear for coagulation times ranging approximately 
from 20 to 260 seconds. Coagulation times could then be converted 
to arbitrary units of procoagulant activity to calculate the percent 
change from baseline activity induced by the various interventions. 

To determine the mechanism of action of the procoagulant, 
samples were tested in coagulation assays using plasmas congenitally 
deficient in factors VIH, VII, or X (George King Bio-Medical, 
Overland Park, KS). In addition, the samples were pretreated with 
phospholipase C (Sigma), 0.05 ug/mL for 30 minutes at 37°C 
because inactivation of procoagulant activity by this enzyme ts 
indicative of tissue thromboplastin activity." 

Plasminogen activator assay. Incubation media and ceil lysates 
were assayed for plasminogen activator activity using a modification 
of the '-fibrin plate assay of Unkeless et al.'? Fibrin plates were 
prepared by adding to 16-mm plastic culture wells 60 ug of purified 
human fibrinogen (KABI, Stockholm, Sweden) containing 2 x 10° 
cpm ‘I-labeled fibrinogen (Amersham Corp, Arlington Heights, 
IL) and drying the plates at 37 °C. The wells were then incubated 
with 5% acid-treated fetal bovine serum (GIBCO) to corvert the 
fibrinogen to fibrin and then washed thoroughly with 0.1 mel/L Tris 
buffer (pH 8.1) prior to use. Plasminogen was prepared from 
outdated human plasma by lysine-Sepharose affinity chromatogra- 
phy (Pharmacia) according to the method of Deutsch and Mertz” 
and quantified by protein content.” To inactivate contaminating 
plasmin, the plasminogen preparation was incubated with phenylme- 
thane sulfonyl fluoride (1 mmol/L) for 16 hours at 4 °C followed by 
extensive dialysis. The plasminogen concentration that produced the 
maximal fibrinolysis with a standard sample of plasminogen activa- 
tor was used in all assays (2 to 6 ug/mL). 

To assay for plasminogen activator activity, test materials were 
added in duplicate with either plasminogen or buffer to '**I-fibrin— 
coated wells in a final volume of | mL. Following incubation for four 
hours at 37 °C, an aliquot of incubation medium was then removed 
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and '**I activity measured with a gamma counter. Control wells 
containing either plasminogen or buffer alone were also included in 
each assay. Plasminogen activator activity was calculated as the 
difference between '*I release in wells containing test material with 
plasminogen and the largest control value. The net IST release was 
expressed as the percentage of maximal release achieved by trypsin- 
izing the wells. The resultant percent lysis was translated into 
milli-Plough units (mPU) by using a standard curve generated from 
human urokinase (Calbiochem, La Jolla, CA). Plasminogen- 
independent fibrinolysis was negligible in all samples and accounted 
for less than 5% of the fibrinolysis seen in the presence of plasmin- 
ogen. 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE). Culture supernatants from alveolar macrophages 
(10°/mL) incubated for 24 hours in standard medium or medium 
containing dipyridamole (100 umol/L) were concentrated 40-fold 
by pressure dialysis (Amicon Ultrafiltration System, Diaflo x 
PM10 membrane, Amicon Corp, Lexington, MA). Concentrated 
supernatants and standard samples of human urokinase and tissue 
plasminogen activator (tPA; American Diagnostica, Greenwich, 
CT) were treated with 10% SDS/8 mol/L urea. The samples were 
then subjected to electrophoresis at 20 mA on 60 x 100 x O0.4-mm 
gels of 11% polyacrylamide with 10% SDS in a Laemmli buffer 
system under nonreducing conditions.” 

Fibrin-agar zymography. Fibrin-agar indicator plates were cre- 
ated by pouring agarose (1.25%) containing fibrinogen (2 mg/mL), 
thrombin (Sigma; 0.06 National Institutes of Health U/mL), and 
plasminogen (5 ng/mL) onto glass slides.”! Following completion of 
electrophoresis, the polyacrylamide gels were washed sequentially in 
Triton X-100 (2.5%) and water in preparation for assay on the 
fibrin-agar plates. The gels were then layered over the indicator 
plates and incubated at 37 °C for six to eight hours. The indicator 
plates were then stained with amido black, and the plasminogen 
activator activity was located by identifying the zones of lysis on the 
indicator plates. 

Antibody neutralization. The plasminogen activator activities 
of control and dipyridamole-treated culture supernatants were char- 
acterized by neutralization profiles with antibodies against human 
urokinase and tPA. Immunoglobulin from antihuman urokinase 
goat serum (generously provided by G. Murano, PhD; Department 
of Biologicals, Food and Drug Administration, Bethesda, MD) was 
purified by diethyl aminoethyl chromatography and ammonium 
sulfate precipitation.” Goat antihuman tPA immunoglobulin pre- 
pared in like fashion was purchased from American Diagnostica. 
Antibody concentrations were determined by the protein content.” 
Test samples and the two plasminogen activator standards adjusted 
to equivalent activity were preincubated with a range of concentra- 
tions of antibody prior to the measurement of plasminogen activator 
activity. In these experiments, the plasminogen activator activity 
was measured using the two-stage spectrophotometric method of 
Coleman and Green.’ The percent inhibition by antibody was 
calculated using standard curves for plasminogen activator activity 
generated for each sample. 

Statistical analysis. For all dose-response curves, multipic com- 
parisons with control groups were performed using Dunnett’s test 
applied to a one-way analysis of variance.” Single comparisons were 
made using the unpaired two-tailed Student's f test.” 


RESULTS 


Cell culture. The cell preparations used in these experi- 
ments were consistently more than 95% alveolar macro- 
phages as described previously.’ In all cases, cell viability 
was greater than 95% prior to incubation as determined by 
trypan blue exclusion. Following incubation for 24 hours in 
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medium alone, the viability was 90% + 7% (mean + SD). 
The viability was not significantly reduced by dipyridamole 
in concentrations ranging from | umol/L (90.1% + 9.4%) to 
50 mol/L (80% + 15%). 

The procoagulant activity of cells cultured in medium 
alone remained low over 24 hours (108.6 + 15 seconds). 
Since augmented expression of procoagulant activity by 
these cells is a consistent response to low concentrations of 
endotoxin,’ this served as an internal control to indicate that 
the cells were not being subjected to significant background 
stimulation by endotoxin in the culture system. 

Effects of dipyridamole on alveolar macrophage plas- 
minogen activator activity. In control cultures incubated in 
standard medium alone, the plasminogen activator activity 
of cell lysates was 448 + 101 mPU/10° cells; in addition, 
462 + 111 mPU/mL was present in the incubation medium 
(mean + SEM). Dipyridamole stimulated marked increases 
in the plasminogen activator activity released into the 
medium, which reached a maximum of 543% of control 
cultures (P< .01; Fig 1). There was also a significant 
increase in the activity of cell lysates, which reached 240% of 
the controls (P < .05), thus indicating that dipyridamole 
augmented the total expression of plasminogen activator 
rather than simply stimulating the release of intracellular 
stores of the enzyme into the culture media. Plasminogen 
activator activity of maximally stimulated cells (50 umol/L 
dipyridamole) was 1,132 + 322 mPU/10° cells in lysates and 
1,619 + 774 mPU/mL in media, both significantly increased 
from control values (P < .05). 

Dipyridamole had no direct effect on plasminogen activa- 
tor activity when mixed with cell lysates, thereby indicating 
that the drug did not activate an existing proenzyme. Finally, 
stimulation of plasminogen activator production was com- 
pletely blocked by cycloheximide (5 ug/mL), which indi- 
cated a requirement for protein synthesis (not shown). 
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Fig 1. Effects of dipyridamole on the expression by rabbit 
alveolar macrophages of cell-associated and secreted plasminogen 
activator activities. Data are expressed as the percentage of 
values obtained from control cells maintained in paralleli cultures 
without dipyridamole. The mean + SEM of six to 14 experiments 
are shown. An asterisk indicates P value less than .01 (Dunnett's 
test}. Dipyridamole caused a concentration-related stimulation in 
the plasminogen activator activity of both cell lysates and culture 
media. 
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Characterization of unstimulated and dipyridamole- 
stimulated plasminogen activator. Plasminogen activator 
activities of incubation media from control and dipyri- 
damole-treated alveolar macrophages were significantly 
inhibited by antihuman urokinase antibody (Fig 2A). A 
human urokinase standard with equivalent activity was 
similarly inhibited by this antibody, but there was little 
cross-reactivity with human tPA. The anti-tPA antibody had 
only a slight neutralizing effect on the control media and 
none on media from dipyridamole-treated cells (Fig 2B). 
This was comparable to the effect of antibody on urokinase 
standard, whereas tPA was completely neutralized. These 
results incicate that the plasminogen activator of normal and 
dipyridamole-treated alveolar macrophages is a urokinase 
rather than a tPA. 

SDS-PAGE analysis of incubation media from both con- 
trol and d:pyridamole-treated cells revealed a single band of 
plasminogen activator activity with a molecular weight of 
approximately 50 kilodaltons (kD) (Fig 3). A human uroki- 
nase standard demonstrated a major band of activity of 53 
kD and a minor band of 32 kD, whereas human tPA 
produced a single band of 68 kD. Together with the antibody 
neutralization experiments, these results indicate that dipyri- 
damole caused increased production of a single form of 
urokinase rather than stimulating production of a second 
protease with plasminogen activator activity. 

Effects of dipyridamole on alveolar macrophage proco- 
agulant activity. The procoagulant activities of cell lysates 
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Fig 2. Characterization of plasminogen activator by neutrali- 
zation with antiurokinase (anti-UK) {A} and anti-tPA (B) antibodies. 
incubation media from normal and dipyridamole (DP)-treated 
alveolar macrophages were studied aiong with commercially pre- 
pared urokinase and tPA to determine the percent inhibition by 
each antibody (see Materials and Methods). The data are 
expressed as the mean percent inhibition of four experiments. The 
antiurokinase antibody effectively suppressed the plasminogen 
activator activity of the urokinase standard and both incubation 
media but rot tPA (A). Likewise, the anti-tPA antibody effectively 
neutralized the tPA standard but neither urokinase nor the incuba- 
tion media iB). 
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Fig 3. Molecular weight determination of rabbit alveolar 
macrophages plasminogen activator. Shown is the fibrin-agar 
indicator plate developed from an SDS-PAGE (see Materials and 
Methods). Human urokinase (lane 1) demonstrated a major band at 
53 kD and a minor band at 32 kD, whereas human tPA produced a 
single band at 68 kD (lane 2). Incubation media from both dipyri- 
damole-treated (lane 3) and untreated (lane 4) macrophages 
produced a single band of activity at 50 kD, virtually identical to the 
major band of human urokinase. 


from control cultures were somewhat variable, but dipyri- 
damole consistently and significantly decreased the expres- 
sion of procoagulant activity in parallel cultures to as little as 
21.3% of control values (P < .01; Fig 4A). The correspond- 
ing prolongation in coagulation time was also significant, 
increasing from 108.6 + 15 seconds in controls to 190.1 + 
58.7 seconds in cells treated with 50 wmol/L dipyridamole 
(P < .05). To determine whether dipyridamole also sup- 
pressed the augmentation of procoagulant activity in 
response to an immunostimulant, alveolar macrophages were 
cocultured with dipyridamole and LCM. In these experi- 
ments, dipyridamole (10 „mol/L and 100 pmol/L) also 
decreased the procoagulant activity by as much as 83.3% 
(Fig 4B). The coagulation times were prolonged from 66.8 + 
10.7 seconds (LCM alone) to 96.5 + 15.7 seconds (10 
umol/L, P < .01) and 171.3 + 23.2 seconds (100 „mol/L, 
P < .01). Additional experiments verified that dipyridamole 
had similar suppressive effects on the procoagulant activity 
expressed by suspensions of intact cells (not shown). 
Dipyridamole had no direct effect on the coagulation 
assay. Second, the loss of procoagulant activity in dipyri- 
damole-treated cells was not affected by incorporating excess 
phospholipid (rabbit brain cephalin; Sigma) in the assay 
system, which suggests that the drug did not simply alter the 
phospholipid content of the lysates. Finally, in mixing experi- 
ments the addition of lysates of dipyridamole-treated cells 
lacking detectable procoagulant activity did not inhibit the 
activity of lysates of control cells, which indicates that 
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Fig 4. Effects of dipyridamole on the expression of procoagu- 


lant activity by unstimulated (A) and LCM-stimulated rabbit alveo- 
lar macrophages (B). Activities are expressed as the percentage of 
values obtained from control cells lacking dipyridamole; the 
mean + SEM of six to 14 experiments are shown. An asterisk 
indicates a P value less than .01 (Dunnett's test). Dipyridamole 
caused a concentration-dependent suppression of procoagulant 
activity by both unstimulated and LCM-stimulated alveolar macro- 
phages. 


dipyridamole did not stimulate the expression of an inhibitor 
of procoagulant activity. The procoagulant activity of both 
untreated and dipyridamole-treated cell lysates functioned 
as tissue thromboplastin. This was demonstrated by a loss 
of procoagulant function in plasmas deficient in factors VII 
or X but not VIII (not shown). In addition, procoagulant 
activity was inactivated by pretreatment by phospholipase C, 
which inactivates tissue thromboplastin but not other coagu- 
lation factors."' 

Mechanism of action of dipyridamole. Experiments 
were performed to determine the mechanisms by which 
dipyridamole modulates expression of macrophage proco- 
agulant and plasminogen activator activities. The effects of 
dipyridamole were (1) compared with those of structurally 
unrelated compounds sharing at least one of the known 
pharmacological actions of dipyridamole, (2) examined in 
the presence of agents that antagonize specific actions of 
dipyridamole, and (3) compared with those of structurally 
related pyrimidopyrimidines. 

Dipyridamole is known to alter production and cellular 
responses to various arachidonic acid metabolites.” To deter- 
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mine whether dipyridamole acts through mechanisms involv- 
ing arachidonic acid metabolism, alveolar macrophages were 
cotreated with dipyridamole, 100 wmol/L, and indometha- 
cin, 1 mol/L, a potent cyclooxygenase inhibitor. The addi- 
tion of indomethacin did not alter the effects of dipyridamole 
on the expression of either procoagulant or plasminogen 
activator activities (Fig 5A). Further, we have demonstrated 
that neither exogenous arachidonic acid metabolites nor 
cyclooxygenase/lipoxygenase inhibitors could mimic the 
effects of dipyridamole on these macrophage functions (Has- 
day and Sitrin, manuscript submitted), thereby indicating 
that arachidonic acid metabolites are not directly involved in 
the action of dipyridamole. 

Dipyridamole is known to inhibit the transport of adeno- 
sine across plasma membranes, which leads to extracellular 
accumulation of adenosine and increased stimulation of 
plasma membrane adenosine receptors. To determine 
whether dipyridamole modulates procoagulant and plasmin- 
ogen activator activities by blocking adenosine transport, we 
cotreated alveolar macrophages with dipyridamole and theo- 
phylline, 100 umol/L, which blocks the adenosine receptor.” 
The addition of theophylline did not block the effects of 
dipyridamole (Fig 5B). Second, we compared cells treated 
with dipyridamole with those treated with nitrobenzylthio- 
inosine (NBTI, 0.1 to 100 mol/L), another inhibitor of 
adenosine transport.”* NBTI did not mimic the effects of 
dipyridamole, but caused only moderate suppression of 
procoagulant activity, and had no effect on the plasminogen 
activator activity (Fig 5B). These results indicate that the 
action of dipyridamole is not based on the inhibition of 
adenosine transport across cell membranes. 

Dipyridamole is known to inhibit cyclic adenosine mono- 
phosphate (AMP)-phosphodiesterase.” To determine 
whether this action pertains to its effects on procoagulant 
and plasminogen activator expression, we compared the 
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effects of dipyridamole with those of other phosphodiesterase 
inhibitors, papaverine (10 umol/L) and methylisobutylxan- 
thine (MIX, 100 pmol/L). In contrast to the effects of 
dipyridamole, papaverine significantly inhibited both plas- 
minogen activator and procoagulant activities by 56.5% 
(P < .01) and 45% (P < .05), respectively (Fig 5C). MIX 
inhibited plasminogen activator activity by 69% (P < .01) 
but had no significant effect on procoagulant activity. These 
results indicate that inhibition of cyclic AMP phosphodies- 
terase cannot fully explain the actions of dipyridamole. The 
mechanism of action of these phosphodiesterase inhibitors is 
likewise unclear. We have recently shown that dibutyryl 
cyclic AMP suppresses plasminogen activator secretion but 
not cell-associated procoagulant activity, thus indicating that 
the effects of papaverine and MIX cannot be explained solely 
by a global increase in intracellular levels of cyclic AMP 
(Hasday and Sitrin, manuscript submitted). 

Finally, experiments were performed to investigate 
whether the effects of dipyridamole were shared by other 
pyrimidopyrimidines. Alveolar macrophages were treated 
with RXRA-85 (4-[1-oxidothiomorpholino]-8-[2-phenyl- 
ethylthio]-2-piperizino-pyrimido/5, 4-p/pyrimidine) and 
RE-102 (3,6-dimorpholino-8 [bis-(2-hydrox ypropyl)-amino- 
2-phenyl-pyrimido-(5,4-B)pyrizine). two structural ana- 
logues of dipyridamole kindly provided by the Boehringer- 
Ingelheim Co (FR Germany). The effects of optimal 
concentrations of these compounds on the expression of 
procoagulant and plasminogen activator activities are shown 
in Fig 6. Both RYRA-85 (10 pmol/L) and RE-/02 (100 
mol/L) significantly inhibited expression of procoagulant 
activity (69.7% and 92.3% respectively, P < 0.01). In addi- 
tion, the release of plasminogen activator into culture media 
was markedly stimulated (325% and 486% respectively, 
P<0.01), effectively duplicating the effects of dipyri- 
damole. 
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Data are expressed as in Fig 1. (A) The actions of dipyridamole (DP, 100 mol/L} were unaffected by cotreatment with indomethacin 
(INDO, 1 wmol/L). (B} The effects of dipyridamole were not altered by cotreatment with theophylline (THEO, 100 umol/L), which blocks 
plasma membrane adenosine receptors. Likewise, these effects were not duplicated by treating macrophages with NBT! (10 pmol/L}, 
which also blocks adenosine transport across plasma membranes. (C) The effects of dipyridamole could not be duplicated by two other 
phosphodiesterase inhibitors, papaverine (PAP, 10 pmol/L} and methylisobutylxanthine (MIX, 100 umol/L}. ©, Procoagulant: 22, PLG 
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DISCUSSION 


The close association between inflammatory reactions and 
activation of the coagulation and fibrinolytic systems is well 
recognized.*??*! The clinical manifestations of these inter- 
relationships include disseminated intravascular coagulation 
and localized formation of intravascular fibrin-platelet 
thrombi.” In addition, fibrin deposition outside the vascu- 
lar space is prominent in many inflammatory states such as 
cutaneous hypersensitivity, glomerulonephritis, and acute 
lung injury. Various methods of anticoagulation have 
suppressive effects on cutaneous hypersensitivity and glo- 

‘merulonephritis, which suggests that products of coagulation 
may intensify inflammation.” In vitro experiments have 
demonstrated that fibrinogen-related products are leukocyte 
chemotaxins, impair macrophage mobility, and induce 
microvascular permeability. > 

Although the factors controlling extravascular fibrin turn- 
over are not well elucidated, there is considerable evidence to 
suggest that mononuclear phagocytes are central to this 
process. These cells can directly promote coagulation by 
elaborating tissue thromboplastin and other coagulation 
factors as well as mediating fibrinolysis by producing plas- 
minogen activator or fibrinolytic enzymes." Both tissue 
thromboplastin and plasminogen activator activities can be 
stimulated in vitro by many stimuli relevant to inflammation 
including lymphokines and bacterial lipopolysaccharides.'°"” 
Recent studies have suggested that macrophage-derived 
procoagulant activity contributes to local fibrin deposition in 
experimental glomerulonephritis, thereby supporting the 
potential importance of these activities in vivo.” Further, 
Chapman et al have demonstrated abnormal expression of 
procoagulant and plasminogen activator activities by alveo- 
lar macrophages from some patients with interstitial lung 
disease.” Currently, there are few options for pharmacologi- 
cally manipulating the effect of macrophages on fibrin 
deposition and clearance. Glucocorticosteroids, indometha- 
cin, Coumadin, and prostaglandin E modify expression of 
procoagulant or plasminogen activator activities in vitro, but 
no other agents potentially applicable to in vivo use have been 
identified. 
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Several studies have demonstrated beneficial effects of 
dipyridamole in glomerulonephritis and attributed these to 
its actions as an inhibitor of platelet function.** Since the 
crescentic fibrin deposition seen in an animal model appears 
to be caused by infiltrating macrophages,” we sought to 
determine whether dipyridamole directly modulates the 
expression of procoagulant or fibrinolytic activities of mono- 
nuclear phagocytes. Using normal rabbit alveolar macro- 
phages, we found that dipyridamole had profound effects on 
the expression of both activities tn vitro because expression of 
tissue thromboplastin activity was suppressed by over 80% 
whereas the concurrent release of plasminogen activator was 


„increased by more than fivefold. The suppression of tissue 


thromboplastin activity occurred by decreased cellular 
expression of this factor rather than by stimulating produc- 
tion of an inhibitory protein or by directly affecting the 
extrinsic coagulation pathway. Likewise, dipyridamole 
directly stimulated cellular production of plasminogen acti- 
vator rather than causing the release of the enzyme from 
intracellular stores or by activating a preexisting proenzyme. 
The plasminogen activator was found to be a single protein 
with molecular weight and immunologic characteristics of 
urokinase. The mechanisms underlying these actions of 
dipyridamole remain undefined. We determined that struc- 
turally unrelated compounds sharing at least one of the 
well-recognized pharmacological actions of dipyridamole, 
namely cyclic AMP—phosphodiesterase inhibition,” block- 
ade of purine transport across plasma membranes,” and 
alteration of arachidonic acid metabolism” could not repro- 
duce both these effects. However, two other structurally 
related pyrimidopyrimidines were roughly equipotent in 
their effects on both tissue thromboplastin and urokinase 
activities. 

Further studies are certainly necessary to determine 
whether dipyridamole has comparable effects on mononu- 
clear phagocytes in vivo. However, the potential biologic 
relevance of the findings reported here 1s supported by the 
observation that dipyridamole affected both activities in vitro 
at concentrations ranging from 10 to 25 wmol/L. Plasma 
concentrations in excess of 10 wmol/L can be achieved in 
some human subjects with the peak effect of a single 75-mg 
dose, and considerably higher doses have been given safe- 
ly.2” It also remains to be seen whether prolonged adminis- 
tration in vivo can achieve comparable effects even with 
lower ambient concentrations of this drug. 

The results of this study suggest several important areas 
for future investigations. First, it will be necessary to explore 
the possibility that dipyridamole and related compounds can 
be therapeutic in inflammatory disorders by preventing 
fibrin from accumulating in tissues. These studies should 
also better define the importance of macrophage-directed 
fibrin turnover in the pathogenesis of inflammation and 
healing. One potential advantage to this approach is that 
fibrin deposition may be selectively suppressed in injured 
tissue where macrophages have accumulated without induc- 
ing a severe generalized hemostatic defect. Second. the 
possibility is raised that dipyridamole may have other strik- 
ing effects on macrophage functions beyond the two activi- 
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ties reported here, thereby suggesting that the pyrimidopy- 
rimidines represent a new class of pharmacological agents 
for modulating mononuclear phagocyte function in inflam- 
matory diseases in vivo. Further supporting this hypothesis 
are limited studies demonstrating that dipyridamole inhibits 
lymphoproliferation and stimulates interferon secretion by 
leukocytes in vitro.** Such investigations may also provide 
important new information on the mechanisms underlying 
the pharmacological actions of pyrimidopyrimidines as well 
as the expression of macrophage effector functions. Finally, 
these actions of dipyridamole may have important implica- 
tions for investigations of atherosclerotic diseases. Prior 
studies have demonstrated that macrophages infiltrate ath- 
eromas and release factors that may contribute to their 
progression.” Moreover, dipyridamole has inhibited plaque 
formation in experimental atherosclerosis.“ Given the cur- 
rent evidence for the role of thrombus formation in coronary 
artery occlusion and the widespread interest in thrombolytic 
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and anticoagulant therapies for management of myocardial 
ischemia,*’* the possibility for pharmacologically suppress- 
ing some of the thrombogenic activity in atheromas while 
concurrently increasing local fibrinolysis certainly merits 
further investigation. 

in summary, we have demonstrated that dipyridamole 
causes alveolar macrophages to decrease the expression of 
tissue thromboplastin activity while concurrently stimulating 
the production and release of urokinase. These combined 
actions suggest that dipyridamole may effectively prevent 
fibrin accumulation at sites of inflammation through its 
direct effects of mononuclear phagocytes. 
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Synergistic Action of Two Murine Monoclonal Antibodies That Inhibit 
ADP-Induced Platelet Aggregation Without Blocking Fibrinogen Binding 


By Peter J. Newman, Rodger P. McEver, Mary P. Doers, and Thomas J. Kunicki 


We have used two murine monoclonal antibodies, each 
directed against one component of the human platelet 
membrane glycoprotein (GP) Hb-Illa complex, to examine 
further the molecular requirements for fibrinogen binding 
to the platelet surface and subsequent platelet-platelet 
cohesion (aggregation). Although neither AP3, which is 
directed against GPlilla, nor Tab, which is specific for GPlilb, 
were individually able to inhibit adenosine diphosphate 
(ADP)-induced fibrinogen binding, platelet aggregation. or 
secretion, the combination of AP3 and Tab completely 
abolished platelet aggregation and the release reaction. 
Unexpectedly, this synergistic inhibition of pilatelet-plate- 
let cohesion occurred in the presence of apparently normal 
fibrinogen binding. Both the number of fibrinogen mole- 
cules bound and the dissociation constant for fibrinogen 
binding remained essentially unchanged in the presence of 


OLLOWING BLOOD VESSEL injury, platelets rap- 
idly adhere to the exposed subendothelium, release the 
contents of their granules, and form platelet aggregates that 
are responsible for the primary arrest of bleeding. Platelet 
plasma membrane glycoproteins mediate many of these 
events and serve as receptors for several physiological ago- 
nists and cofactors important in this hemostatic process 
including thrombin, collagen, von Willebrand factor (vWf) 
and fibrinogen.’ There is considerable evidence that plate- 
let-platelet cohesion (aggregation) is mediated by the bind- 
ing of fibrinogen, an elongated, symmetrical molecule of 
340,000 daltons,’ to adjacent platelets. Studies in a number 
of laboratories have demonstrated that adenosine diphos- 
phate (ADP)** thrombin,” epinephrine,” and certain stable 
prostaglandin analogues” induce platelet cohesion by expos- 
ing fibrinogen receptors on the platelet surface. Fibrinogen 
then binds to activated platelets via a heterodimer receptor 
complex composed of plasma membrane glycoproteins (GP) 
GPIlb and llla (reduced molecular weights of 130,000 and 
100,000 daltons, respectively). Evidence for this is derived, in 
part, from studies on individuals with the congenital bleeding 
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these two antibodies. Inhibition of aggregation was depen- 
dent upon the divalency of both AP3 and Tab because 
substitution of Fab fragments of either antibody for the 
intact IgG resulted in a complete restoration of both 
aggregation and secretion. In contrast to ADP induction, 
thrombin-activated platelets neither aggregated nor bound 
fibrinogen in the presence of AP3 pius Tab but were fully 
capable of secretion, which illustrated the multiple mecha- 
nisms by which the platelet surface can respond to 
different agonists. These data demonstrate that fibrinogen 
binding to the platelet surface alone is not sufficient to 
support platelet-platelet cohesion and that an additional 
post-—fibrinogen-binding event(s) that is inhibitable by 
these two monocional antibodies may be required. 

® 1987 by Grune & Stratton, inc. 


disorder Glanzmann’s thrombasthenia. The platelets of these 
patients are deficient in these two membrane glycopro- 
teins, >}? and consequently their platelets fail both to bind 
fibrinogen and to aggregate normally.°'*"* In addition, the 
binding to normal platelets of murine monoclonal antibodies 
specific for the intact GPITb-I]la complex induces a throm- 
basthenic condition by inhibiting both fibrinogen binding 
and subsequent aggregation.” "® Together, these data have 
been taken to indicate that platelet aggregation is an inevi- 
table consequence of fibrinogen binding to its platelet surface 
receptor. 

We have previously reported the production and charac- 
terization of monoclonal antibodies specific for components 
of the platelet fibrinogen receptor: Tab, which is specific for 
GPIlb’®; AP3, which is specific for GPHIa'’; and AP2, a 
monoclonal antibody reactive only with the intact GPIIb- 
Hia complex.” When bound to the platelet surface, AP2 
blocks both fibrinogen binding and platelet aggregation 
induced by ADP, thrombin, arachidonic acid, or collagen. 
Unlike AP2, neither Tab nor AP3 are able to block the 
binding of fibrinogen to the platelet surface or inhibit platelet 
aggregation, presumably because the epitopes recognized by 
these two antibodies are not close enough to the fibrinogen 
binding site to inhibit its interaction with the GPHb-Hia 
complex. Though only Tab and AP3 react with both disso- 
ciated as well as complexed GPIIb and GPHIa, all three 
antibodies react with 40,000 to 50,000 sites at saturation on 
the platelet surface, thus supporting the concept that GPIIb 
and GPIHa normally exist complexed in a 1:1 stoichiometry 
in the plasma membrane of intact, nonactivated platelets.” 
In this report, we describe a synergistic effect of AP3 and 
Tab on ADP-induced platelet aggregation that provides new 
insights into the molecular requirements for fibrinogen bind- 
ing and the process of platelet aggregation. 


MATERIALS AND METHODS 


Preparation of washed platelet suspensions. Human platelets 
were isolated from whole bleod using a modification of the method of 
Patscheke.”” Briefly, 43 mL of venous blood obtained from healthy 
volunteer donors was anticoagulated with 7 mL of acid citrate 
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MECHANISMS OF PLATELET AGGREGATION 


dextrose (ACD, National Institutes of Health formula A). Follow- 
ing the preparation of platelet-rich plasma (PRP), prostaglandin E,, 
(PGE, ) and apyrase (Sigma Chemical Co, St Louis; Grade IH} were 
added to the platelets to final concentrations of 20 nmol/L and 25 
ug/mL, respectively. ACD was then added in the ratio of one part 
ACD to nine parts PRP to further acidify the PRP. Platelets were 
washed three times by differential centrifugation at 1,200 g in Wash 
buffer (103 mmol/L NaCl, 36 mmol/L citric acid, 5 mmol/L 
dextrose, 5 mmol/L KCI, 2 mmol/L CaCl, | mmol/L MgCh, 0.35 
mg/mL bovine serum albumin (BSA), 20 nmol/L PGE,, and 25 
ug/mL apyrase, pH 6.5) and resuspended into Resuspension buffer 
(137 mmol/L NaCl, 2 mmol/L KCI, 0.3 mmol/L NaH,PQO,, 2 
mmol/L CaCl, | mmol/L MgCl, 5.5 mmol/L dextrose, $ mmol/L 
HEPES, 12 mmol/L NaHCO,, and 0.35 BSA, pH 7.4) before use. 
Both Wash and Resuspension buffers were used for a maximum of | 
week. Platelets prepared in this manner retained the ability to 
aggregate and bind fibrinogen for at least four hours. 

Proteins. The purification and properties of the murine mono- 
clonal antibodies API, AP2, AP3, and Tab have been previously 
described'*'*'*?! and are described in Table 1. AP! is specific for 
human platelet membrane GPIb, AP2 is specific for the GPIIb-Ila 
complex, AP3 has specificity for only GPIIla, and Tab is specific for 
only GPIIb. Monoclonal IgG used in these studies was purified by 
sequential ammonium sulfate fractionation and diethyl aminoethyl 
(DEAE)-cellulose chromatography or by caprylic acid precipitation 
as described previously." Fab fragments of AP3 and Tab were 
produced by digestion for five hours at 37°C with immobilized 
papain (Pierce Chemical Co, Rockford IL) in a buffer containing 50 
mmol/L NaH,PO,, 5 mmol/L EDTA, and 20 mmol/L cysteine, pH 
6.5. Reaction products were alkylated for 30 minutes in the dark 
with 15 mmol/L iodoacetamide and dialyzed into 0.1 mol/L 
NaH,PO,, pH 8.0. Fab fragments were separated from Fe frag- 
ments and undigested IgGs by chromatography through protein 
A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ) and 
their purity assessed by sodium dodecyl sulfate—polyacrylamide gel 
electrophoresis (SDS-PAGE) under both reducing and nonreducing 
conditions. Chromatographically pure Peak I human fibrinogen, a 
kind gift from Dr D. Amrani, Mount Sinai Medical Center, Milwau- 
kee, was shown to be free of contaminating vWf and fibronectin by 
both quantitative electroimmunoassay and the inability to support 
ristocetin-induced platelet aggregation. Purified fibrinogen was 
approximately 95% clottable prior to labeling and greater than 90% 
clottable following radioiodination and storage. 

Radioiodination of proteins in solution. Fibrinogen was radio- 
iodinated by reacting 5 mg of protein with 0.3 mCi of carrier-free 
Na'*I (New England Nuclear, Boston) for 15 minutes in the 
presence of insolubilized lactoperoxidase (Enzymobeads, Bio-Rad 
Laboratories, Richmond, CA) according to the manufacturer's 
directions. Fifty to 100 ug of each monoclonal antibody was labeled 
with | mCi of '™I in a similar fashion. Following iodination, unbound 
151 was removed from the reaction mixture by gel filtration through 
Sephadex G-25 equilibrated in resuspension buffer. The specific 
activity of the fibrinogen was approximately 100 cpm/ng and 
approximately 1,000 cpm/ng for each of the monoclonal antibodies. 
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Radioiodinated antibodies were stored in small aliquots at ~ 80 °C. 
Labeled fibrinogen was stored at 4 °C and used within | week. 

Platelet aggregometry. Aggregometry was performed in a Bio- 
Data PAP-4 four-channel aggregometer (Bio-Data Corp, Horsham. 
PA) at 37°C with a stirring rate of 1.200 rpm. ADP was used to 
induce aggregation at concentrations of 5, 10, and 20 umol/L. 
Thrombin and epinephrine were used at concentrations of 0. to 1.0 
U/mL and 2.2 wmol/L, respectively. The effects of monoclonal 
antibody binding on platelet aggregation were measured by preincu- 
bating washed platelets with the indicated concentrations of anti- 
body for five minutes at 37 °C prior to the induction of aggregation. 
Lumiaggregometry was performed using a Chrono-Log Model 400 
Lumiaggregometer. The luciferase-luciferin reagent was also from 
Chrono-Log Corp (Havertown, PA). 

Quantitative fibrinogen binding analysis. Binding assays were 
performed in triplicate at room temperature (except where indi- 
cated) using washed platelets prepared as described. |.5-milliliter 
polypropylene tubes precoated with | mL BSA dissolved in Resus- 
pension buffer were used in all phases of the experiment. For the 
ADP-induced fibrinogen binding experiments, '“I-fibrinogen was 
added at varying concentrations to washed platelets in Resuspension 
buffer such that the final platelet concentration was | x 10°/mL ina 
reaction volume of 200 uL. Preliminary experiments (not shown} 
established that normal ADP-induced fibrinogen binding was satur- 
able and required the presence of calcium. Monoclonal antibodies in 
the form of intact IgG or Fab fragments were added either prior to or 
simultaneous with the addition of fibrinogen and allowed to incubate 
with the platelets for five to ten minutes before the addition of ADP. 
Binding was initiated by addition of ADP to final concentrations 
ranging from 3.3 to 33 pmol/L. The reaction was terminated five 
minutes later by centrifugation (12,000 g for three minutes) of a 
75-uL aliquot over 400 uL of 15% sucrose dissolved in Resuspension 
buffer. After removing the supernatant, the centrifuge tube tips were 
amputated and the bound radioactivity determined in a gamma 
counter. Thrombin-induced fibrinogen binding was induced by 
incubating platelets that had been preincubated with antibody for 
ten minutes with 0.1 U/mL of a-thrombin (a gift of Dr Richard A. 
Marlar, The Blood Center of Southeastern Wisconsin, Milwaukee) 
for five minutes at 25 °C. Thrombin was inactivated by the addition 
of hirudin (0.2 U/mL) for five minutes, and then '*"l-fibrinogen was 
added to initiate binding. The reaction was terminated 15 minutes 
later by centrifugation and aspiration, as described above. In 
selected experiments, monoclonal antibodies or their Fab fragments 
were added following rather than prior to thrombin/hirudin activa- 
tion of platelets. The bound radioactivity was pure fibrinogen, as 
determined by SDS-PAGE and autoradiographic analysis of the 
solubilized pellets. The total radioactivity was determined by 
counting an identical 75-yL aliquot of each reaction mixture. 
Nonspecific binding was determined in parallel tubes containing 10 
mmol/L EDTA, and this value was subtracted from the total bound 
counts per minute to yield specifically bound counts per minute. This 
value was shown to be comparable to nonspecific binding levels 
obtained in the presence of a 25-fold excess of unlabeled fibrinogen. 
Fibrinogen binding affinities and the maximum number of sites 


Table 1. Murine Monoclonal Antibodies Specific for Human Piatelet Membrane GPlib and llla 
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inhibition of inhibition of 
Fibrinogen Platelet 
Antibody Specificity No. Sites/Platetet K, (nmol/L) Binding Aagregation Reference 
AP2 GPilb-!Ila complex 54,000 0.64 Yes Yes 15 
AP3 GPlilla 40,000 0.72 No No 19 
Tab GPlib 40,000 0.73 No No 16 
20-30,000 
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bound per platelet were calculated and analyzed using the weighted 
“nonlinear least-squares curve fitting program LIGAND.” Objective 
statistical criteria (residual variance, F test) were used to evaluate 
the goodness of fit and to discriminate between models testing 
different classes of binding sites. 

Measurement of 8-thromboglobulin (8-TG) release. Platelets in 
PRP at a final concentration of 1 x 10°/mL were added to an 
aggregometer cuvette and incubated in an aggregometer at 37 °C for 
two minutes. Antibodies diluted in platelet-poor plasma (PPP) or 
PPP alone were added and incubated an additional ten minutes with 
stirring (1,000 rpm). Aggregation and release were induced by the 
addition of 20 umol/L ADP/2.2 pmol/L epinephrine, and activation 
was allowed to proceed for 3.5 minutes, ie, the amount of time 
necessary to achieve maximal aggregation in those samples that 
were able to aggregate. PGE, was then added to the cuvette to a final 
concentration of 20 ng/ml. to inhibit further activation and release 
that might occur as a result of subsequent handling. An 85-uL 
aliquot was removed from the cuvette, and released 8-TG was 
quantitated by using a standard radioimmunoassay kit (Amersham 
Corp, Arlington Heights, IL). 

-ompetitive monoclonal antibody binding experiments. A 
quantity of 3.6 ng of radiolabeled monoclonal antibody was added to 
6 x 10° platelets in the presence or absence of a 250-fold excess of 
the indicated unlabeled monoclonal antibody. This amount was 
predetermined to give the maximal inhibition of binding of an 
identical radioiodinated antibody. The volume was adjusted with 
PRP to 300 uL to yield a final platelet concentration of 2 x '10’/mL.. 
Both labeled and unlabeled antibodies were added to the platelets at 
the same time to ensure equal opportunity for binding. After a 
30-minute incubation at room temperature, the aliquots were 
removed, and the bound radioactivity was determined as described. 
Nonspecific binding varied from 3% to 9% for each of the mono- 
clonal antibodies. 


RESULTS 


Binding of AP2, AP3, and Tab to intact human plate- 
lets. To investigate the spatial relationship of the binding 
sites of AP2, AP3, and Tab to the GPIIb-IIla complex, we 
examined the ability of these three monoclonal antibodies to 
compete with each other for binding to the platelet surface. 
Unlabeled antibodies were added in saturating amounts in 
conjunction with subsaturating levels of either the same or 
different radioiodinated antibody, and the effects on the 
counts per minute bound were examined. This experimental 
design allowed us to conserve the amount of radioactive 
sample added to each tube without compromising the neces- 
sity of saturating the platelet surface with at least one of the 
antibodies to determine true competition. It was determined 
that the dissociation constants of the three monoclonal 
antibodies would not be a factor in performing the competi- 
tion experiments since they each have similar affinities for 
the platelet surface (Table 1). Figure l shows a representa- 
tive inhibition experiment using radiolabeled AP2 and com- 
peting levels of each of the other monoclonal antibodies. As 
can be seen, '*1-AP2 binding was inhibited by excess unla- 
beled AP2 but not at all by either Tab or AP3. Of special 
importance is the observation that even the combination of 
saturating amounts of AP3 and Tab had no effect on the 
binding of subsaturating amounts of AP2. Similar experi- 
ments using radiolabeled AP3 or radiolabeled Tab (not 
shown) showed that the binding of each radiolabeled mono- 
clonal antibody could only be effectively blocked by its 
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Fig 1. Simultaneous binding of APS, AP2, and Tab to washed, 
intact human platelets. Radiolabeled AP2 (3.6 ng) was added to 
each tube in the presence or absence of a variable excess of the 
indicated unlabeled monoclonal antibody. The final volume was 
adjusted with PRP to 300 ul to yield a platelet concentration of 
2 x 10’/mL. 


corresponding unlabeled antibody. In no instance was bind- 
ing affected by the presence of saturating levels of the other 
two. Thus, these data indicate that the GPIb-I1a complex is 
able to accommodate the simultaneous binding of at least 
three different intact monoclonal IgG antibodies and that the 
epitopes recognized by AP2, AP3, and Tab are sufficiently 
distinct to permit cohabitation. 

Effect of AP2, AP3, and Tab on ADP- or thrombin- 
induced platelet aggregation and secretion. We next 
examined the effects of AP3 and Tab, alone or in combina- 
tion, on platelet aggregation. As shown in Fig 2, neither AP3 
nor Tab alone inhibited ADP-induced shape change or 
aggregation, even at antibody doses as high as 40 ug /mL. 
When the two antibodies were added together, however, 
platelet aggregation was completely inhibited, thereby mim- 
icking the effect of AP2 alone. To see whether the effect of 
AP3 plus Tab was not merely to reduce the size of the 
platelet aggregate to a level that would not be recorded by 
the aggregometer (eg, from 10 to 4 or 5 platelets /aggregate), 
we verified by phase-contrast microscopy that platelets 
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Fig 2. Effect of AP2, AP3, or Tab on ADP-induced platelet 
aggregation. Washed piatelets were resuspended to a concentra- 
tion of 1 x 10°/mL and warmed to 37 °C. Ten micrograms of the 
indicated monoclonal antibody was then added and aliowed to 
incubate with stirring for five minutes. Platelet aggregation was 
then induced by the sequential addition cf purified Peak | fibrino- 
gen to 200 pg/mL and ADP to a final concentration of 10 umol/L. 
The addition of fibrinogen prior to the eddition of antibody did not 
affect the outcome of the experiment. 


MECHANISMS OF PLATELET AGGREGATION 


remained monodispersed following ADP stimulation in the 
presence of either AP2 or the combination of AP3 plus Tab 
(not shown). In both cases, shape change was readily appar- 
ent, even in the absence of platelet-platelet interaction. 
Concentrations of ADP as high as 30 umol/L were unable to 
overcome the inhibitory effect of AP3 and Tab. The same 
results were obtained using ADP/epinephrine or thrombin 
(0.1 to 1.0 U/mL) as agonists. When AP3 was added 
simultaneously with the antiplatelet monoclonal antibody 
API (specific for GPIb), platelets were able to aggregate 
fully regardless of the agonist used (data not shown). Simi- 
larly, the combination of Tab and API also failed to inhibit 
aggregation. These results indicated that inhibition was 
specific for the combination of AP3 plus Tab and not due to 
overloading of the platelet surface with immunoglobulin. 
Tab plus AP3 blocked platelet aggregation in a dose- 
dependent manner, with half-maximal inhibition occurring 
at 4 ug/mL of each antibody and complete inhibition occur- 
ring at 10 to 12 pg/mL each. 

The effects of AP3 and Tab, alone or in combination, on 
platelet secretion were examined in a lumiaggregometer by 
using the luciferin/luciferase system to measure the adeno- 
sine triphosphate (ATP) released from platelet dense gran- 
ules. Platelets in PRP at a final concentration of 1 x 10°/mL 
were preincubated with antibodies or buffer for ten minutes 
at 37 °C. Platelet activation was induced by the addition of 
10 umol/L ADP, 10 pmol/L ADP/2.2umol/L epinephrine, 
or 0.1 units of thrombin, and the effects on both aggregome- 
try and ATP secretion were observed simultaneously. As 
expected, ADP-induced ATP release was dependent upon a 
prior primary aggregation response; ie, AP2 alone or AP3 
plus Tab blocked primary aggregation and the subsequent 
release of ATP. In contrast, thrombin-induced ATP release, 
which precedes aggregation, was unaffected by all mono- 
clonal antibodies tested, alone and in combination, which 
suggests that AP2 and AP3 plus Tab block ATP release 
mainly by inhibiting events that lead up to secretion and do 
not interfere with secretion per se. The results of these 
studies are summarized in Table 2. 

We also examined the effect of AP3 plus Tab on ADP- 
induced a-granule secretion as measured by 8-TG release. In 
two experiments, AP2 alone and AP3 plus Tab each inhib- 





Tabie 2. Summary of the Effects of AP2, AP3, and Tab on Selected Platelet Functions 
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ited 8-TG release by 77% and 68%, respectively, compared 
with control platelets preincubated with buffer alone rather 
than antibodies. If PGE, was added prior to the addition of 
agonist, 8-TG release was completely blocked. Similarly, in 
the absence of both PGE, and ADP, no release occurred. 

Effect of AP2, AP3, and Tab on ADP-induced fibrinogen 
binding. Since AP3 and Tab clearly bind to different 
epitopes than AP2 (Fig |) yet together inhibit aggregation to 
a similar extent (Fig 2), we examined the effects of the 
combination of AP3 plus Tab on ADP-induced fibrinogen 
binding. As has been reported previously, AP2 inhibits 
platelet aggregation and fibrinogen binding to the piatelet 
surface, whereas Tab alone’* and AP3 alone’? are without 
effect. We confirmed these observations, and our results are 
shown in the inset to Fig 3. Surprisingly, the combination of 
AP3 plus Tab, even at concentrations as high as 20 ue /mL 
each, also failed to inhibit the binding of fibrinogen to 
platelets of all concentrations tested. As shown in Fig 3, the 
binding isotherm for fibrinogen interaction with the platelet 
in the presence of AP3 plus Tab is nearly superimposable 
with the binding curve generated in the absence of antibod- 
ies. This observation has been confirmed using platelets from 
seven different individuals. Aggregometry was always per- 
formed in parallel with fibrinogen-binding experiments, 
using identical reagents and antibody preparations to elimi- 
nate variations that might bias their comparison, and aggre- 
gation was always completely inhibited under conditions 
where fibrinogen binding was 100%. 

To test whether fibrinogen might be bound abnormally in 
the presence of these two antibodies, quantitative analyses of 
several additional binding experiments were performed. Both 
the number of fibrinogen molecules bound at saturation and 
the affinity of fibrinogen for its platelet receptor were 
determined in the presence or absence of 20 ug/ml each of 
AP3 and Tab. Scatchard plot analysis of the binding data 
yielded linear plots, with no evidence of cooperativity or 
multiple classes of receptor sites. The mean K, for fibrinogen 
binding was calculated to be 0.52 + 0.14 wmol/L (mean + 
SEM of three determinations using two different donors) in 
the absence of antibody and 0.32 + 0.06 umol/L. in the 
presence of saturating amounts of Tab and AP3. Similarly, 
no significant difference was observed in the number of 


Percent ATP Shape 


Fibrinogen Percent 
Agonist Antibodies Binding Aggregation Release Charge 
ADP None + 100 100 4 
AP3 + 100 100 es 
Tab + 100 100 ra 
AP3 + Tab + 0 0-5 g 
AP2 — 0-10 0 be 
Fabs + GaM igG ND 100 100 ie 
Thrombin None + 100 100 3 
AP3 + 50-100 100 ve 
Tab + 100 100 + 
AP3 + Tab 0-5 100 $ 
AP2 - O re re 
Fabs + GaM igG ND 100 100 + 





All results are discussed in detail throughout the text. 


Abbreviations: +, a normal response: ND, not done; GaM IgG, goat antimouse IgG. 
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Fig 3. ADP-induced fibrinogen binding to intact platelets in 
the presence or absence of AP3 plus Tab. 51_fibrinogen was 
added in increasing concentrations to washed platelets (1 x 
10°/mL) and allowed to incubate at 25 °C for five minutes in the 
presence (O--—©) or absence (@-—-@) of 20 ug/mL each of AP3 and 
Tab. Binding was induced by the addition of ADP to 10 umol/L. 
Nonspecific binding was subtracted as described in Materials and 
Methods. Values shown represent the specific fibrinogen binding 
from one typical analysis. (Inset) Histogram depicting the individ- 
ual effects of AP2, AP3, Tab, and AP3 plus Tab on ADP-induced 
fibrinogen binding. Platelets were at a 1 x 10°/mb and 
fibrinogen at a 200 ug/mL final concentration. All antibodies were 
at 10 ug/mL each. Binding was induced by the addition of ADP to 
10 mol/L. c, control samples with no antibody. Note that AP3 
plus Tab completely block platelet aggregation (Fig 2) without 
inhibiting fibrinogen binding. 


fibrinogen molecules bound per platelet at saturation in the 
presence or absence of the two antibodies (Table 3). Signifi- 
cant differences in the number of fibrinogen binding sites per 
platelet between individual donors was observed (donor A, 
approximately 50,000 sites; donor B, approximately 20,000 
sites), which confirms previous reports. 47475 

Both Fig 3 and Table 3 contain data derived from quanti- 
tative binding analyses performed under nonstirring condi- 
tions at 25°C. Two additional fibrinogen binding experi- 
ments were performed at 37 °C under nonstirring conditions 


Table 3. Quantitative Effect of AP3 and Tab on the 
interaction of Fibrinogen With Platelets 








Dissociation Molecules 
Donor Antibodies Constant {umol} Bound/ Platelet 
A None 0.50 + 0.14 54,300 + 7,600 
A AP3 + Tab 0.32 + 0.06 42,400 + 3,700 
B None 0.54 + 0.14 19,800 + 2,650 
B AP3 + Tab 0.33 + 0.06 17,400 + 1,300 





'251_fibrinogen was added in increasing amounts to platelets (1 x 
10°/mL) until saturation was reached. AP3 and Tab, when present, were 
at 20 ug/ml. final concentration each. Binding data were analyzed using 
the weighted, nonlinear curve fitting program LIGAND. Values reported 
are the mean of three determinations + SE using platelets from two 
different donors, A and B. 
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in test tubes. The results obtained at 37 °C (not shown) were 
nearly identical to those shown in Fig 3 except that the total 
number of fibrinogen molecules bound to the platelet surface 
at saturation was in each case reduced by approximately 
50%. This effect of temperature on fibrinogen binding has 
been previously documented in detail by Marguerie and 
Plow.” To ensure that fibrinogen binding to platelets in the 
presence of AP3 plus Tab also occurred at 37 °C under 
stirring conditions, we performed three additional experi- 
ments in which we measured fibrinogen binding directly in 
an aggregometer with stirring at 1,000 rpm at 37°C. The 
results obtained in the aggregometer are comparable to those 
obtained in a test tube, though we did see a higher degree of 
nonspecific binding and trapping within platelet aggregates 
as was expected. As shown in Table 4, AP3 plus Tab did not 
inhibit the number of '”I-fibrinogen molecules that become 
associated with platelets, whereas AP2 or EDTA both signif- 
icantly reduced fibrinogen binding. Aggregation was com- 
pletely blocked by EDTA, AP2, or AP3 plus Tab, as before. 
Thus, inhibition of aggregation by AP3 plus Tab seems to 
occur in the presence of apparently normal fibrinogen bind- 
ing under all conditions tested (ie, 25 °C and 37 °C, stirring 
or nonstirring). 

Effects of AP3 and Tab on thrombin-induced fibrinogen 
binding. To determine whether the effects of AP3 plus Tab 
on fibrinogen binding were limited to ADP-induced activa- 
tion, we repeated the aforementioned studies using thrombin 
as the agonist. As discussed earlier, thrombin-induced plate- 
let aggregation was completely inhibited by AP2 or AP3 plus 
Tab but not at all by AP3 or Tab alone, analogous to our 
observations using ADP as the agonist. Neither AP3 alone 
nor Tab alone inhibited the binding of fibrinogen to throm- 
bin-stimulated platelets, also corresponding to our observa- 
tions using ADP as the agonist. When platelets were preincu- 
bated with AP3 plus Tab, thrombin-induced fibrinogen 
binding was completely blocked, thereby mimicking the 
action of AP2 alone (Fig 4). When platelets were activated 
with thrombin/hirudin prior to rather than following incuba- 
tion with AP3, Tab, and fibrinogen, fibrinogen binding was 
also blocked, which demonstrated that these antibodies block 
thrombin- but not ADP-induced fibrinogen binding when 


Table 4. Semiquantitative Measurement of Fibrinogen-Platelet 
Association at 37 °C Under Stirring Conditions 
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uG Fibrinogen Bound 
Antibody Aggregation Bound cpm per 10" Platelets 
None + 8,500 1.3 
10 mmol/L EDTA ~ 5,400 0.89 
AP2 ~ 5,424 0.89 
AP3 + Tab - 10,750 1.6 


Washed platelets at 1 x 10°/mt in a volume of 400 ul were 
preincubated in an aggregometer under stirring conditions with 200 
ug/ml radiolabeled fibrinogen and 20 ug/ml of each indicated mono- 
clonal antibody for ten minutes at 37 °C. Platelet activation was initiated 
by the addition of ADP up to 20 pmol/L. After five minutes, 75 ul was 
withdrawn and centrifuged through 500 ut. of 15% sucrose to separate 
bound from free ligand. Following aspiration of the supernatant, the 
radioactivity associated with the piatelet pellet was determined in a 
gamma counter. Specific activity of the labeled fibrinogen was 81,000 
cpm/ iG. 
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Fig 4. Effect of AP3 and Tab on fibrinogen binding to throm- 
bin-activated platelets. Binding conditions were identical to those 
described for the inset to Fig 3 except that 0.1 U/mL of a-thrombin 
was used as the agonist and all incubations were performed at 
37 °C rather than 25 °C. — Pits, no platelets added, representing 
nonspecific binding to the incubation tube; — Agon, no ADP or 
thrombin added; + EDTA, platelets incubated with agonist but in 
the presence of 5 mmol/L EDTA; c, control tube containing 
platelets and agonist. Antibodies added where indicated were at 
final concentrations of 10 ng/mL each. Note that AP3 plus Tab 
block thrombin- but not ADP-induced fibrinogen binding (ie, com- 
pare Fig 3 inset with this Fig). Platelet aggregation is inhibited by 
using either agonist. 


bound to either the activated or inactivated platelet surface. 
These data are summarized in Fig 4, and the effects of these 
antibodies, alone and in combination, on selected platelet 
functions are summarized in Table 2. 

Effect of AP3 and Tab Fab fragments on platelet func- 
tion. The monoclonal antibodies used in all of the afore- 
mentioned experiments were in the form of intact IgG, which 
by analogy with other antireceptor antibodies have the 
ability to interact with two identical epitopes, thus raising the 
possibility of cross-linking nearby membrane receptors. To 
determine whether lateral cross-linking of adjoining GPIIb- 
Hla complexes might play a role in the synergistic action of 
AP3 and Tab on inhibition of platelet aggregation, monova- 
lent Fab fragments were prepared and used in studies 
comparable to those reported above. Fab fragments of both 
AP3 and Tab were found to have similar binding affinities 
for the platelet surface as their corresponding intact IgGs, as 
judged by their effectiveness in competing for radiolabeled 
intact IgGs. Like their intact counterparts, Fab fragments of 
AP3 alone or Tab alone had no effect on ADP- or thrombin- 
induced platelet aggregation or secretion. Unlike intact IgG, 
however, the combination of Fab fragments of both AP3 and 
Tab at concentrations of up to 50 g/mL each also was 
without effect on platelet function. Interestingly, the combi- 
nations of intact AP3 IgG together with Tab Fab fragments 
or intact Tab IgG together with AP3 Fab fragments also 
were unable to inhibit platelet aggregation or secretion 
induced by either ADP or thrombin. Thus, it appears that 
both antibodies must be divalent for them to exert their 
synergistic inhibitory effect on platelet aggregation and 
secretion. To test whether the use of Fab fragments was not 
merely removing a stearic block that intact IgGs might place 
on fibrinogen binding, thereby allowing platelets to aggre- 
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gate, platelets were additionally incubated with 50 we /mL of 
affinity purified, fluorescein isothiocyanate~—conjugated, 
goat antimouse IgG subsequent to saturating the platelet 
surface with Fab fragments of AP3 and Tab. Binding of the 
second antibody was verified by immunofluorescent micros- 
copy and did not occur without prior incubation of platelets 
with murine antibodies. Under these conditions, ie, with both 
Fab fragments and intact IgGs on and near the platelet 
fibrinogen receptor, platelet aggregation and secretion still 
proceeded normally. Binding of goat antimouse IgG to intact 
AP3 and Tab on the platelet surface did not affect their 
ability to block platelet aggregation and secretion, thus 
ruling out any effect on platelet aggregation by the second 
antibody alone. These studies are summarized in Table 2. 


DISCUSSION 


There is now compelling evidence that membrane GPIIb 
and Illa are the major components of the human platelet 
fibrinogen receptor. First, platelets from patients with type I 
Glanzmann’s thrombasthenia, which contain less than 5% of 
the normal levels of GPIIb-Ila, fail to bind detectable levels 
of fibrinogen following stimulation with ADP.*'*'*”* Second, 
monoclonal antibodies raised against the GPIIb-I]]a com- 
plex mimic the thrombasthenic condition by inhibiting both 
fibrinogen binding and platelet aggregation.’*'* Third, UV 
irradiation of photoaffinity-labeled fibrinogen resulted in its 
incorporation into GPIlla.*” Fourth, Nachman and Leung 
have demonstrated complex formation of purified GPHb- 
lila with fibrinogen attached to plastic microtiter wells.” 
Gogstad et al”? using crossed immunoelectrophoresis have 
shown that radiolabeled fibrinogen binds to immunoprecipi- 
tin arcs containing the intact GPHb-IHa complex but not to 
precipitin arcs given by the dissociated glycoproteins. Final- 
ly. purified GPIib-IIla complexes incorporated into phos- 
pholipid vesicles retain the ability to bind fibrinogen in a 
dose-dependent, saturable manner? 

In this report, we have used three well-characterized 
monoclonal antibodies directed against the components of 
the platelet fibrinogen receptor to further investigate the 
molecular requirements for fibrinogen binding and platelet- 
platelet cohesion. Using a series of complimentary competi- 
tive inhibition experiments, we showed that AP2, AP3, and 
Tab did not compete with each other in binding to the 
GPlib-[Ila complex of intact platelets. Moreover, the combi- 
nation of AP3 and Tab did not inhibit the binding of AP2 to 
its GPIlb-tlla complex—specific determinant, Taken 
together, it appears that three different monoclonal antibod- 
ies (150,000 daltons each) can occupy a single platelet 
fibrinogen receptor (molecular weight about 230,000) simul- 
taneously. 

Both ADP-induced platelet aggregation and secretion 
were unaffected by saturating levels of either AP3 or Tab. 
When these two antibodies were added together, however. 
both of these processes were completely inhibited, mimicking 
the effects of AP2 alone. In light of the fact that APZ alone 
or AP3 plus Tab inhibited ADP-induced platelet aggrega- 
tion, it was not surprising that secretion was also suppressed 
because ADP-induced release is known to occur subsequent 
to and be dependent upon the occurrence of primary aggre- 
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gation.” t Since ADP-induced fibrinogen binding and 
primary aggregation are also normal in aspirin-treated plate- 
lets,” which also are incapable of secretion, it is obvious that 
the failure of platelets to aggregate in the presence of AP3 
plus Tab is due to something other than inhibition of the 
release reaction. Thrombin-activated platelets also did not 
aggregate in the presence of AP3 plus Tab or AP2 alone, 
though the release reaction, which unlike ADP activation 
occurs prior to aggregation, was unaffected. Thus, these data 
provide further evidence that induction of secretion alone is 
insufficient stimulus to initiate platelet aggregation. 

It is noteworthy that AP3 and Tab exert their synergistic 
inhibitory effect on both ADP- and thrombin-induced plate- 
let aggregation through two apparently distinct mechanisms. 
When ADP is used to activate platelets, fibrinogen binding is 
both quantitatively and qualitatively normal insofar as we 
have been able to measure (Table 3 and Fig 3), yet aggrega- 
tion and release are totally blocked (Fig 2, Table 2). Throm- 
bin-activated platelets, however, neither bind fibrinogen (Fig 
4) nor aggregate in the presence of AP3 plus Tab, yet the 
release reaction is normal. That thrombin initiates surface 
membrane changes at or near the platelet fibrinogen receptor 
distinct from that generated by ADP activation is further 
supported by previous studies showing that (1) thrombin, but 
not ADP, is able to expose binding sites for fibronectin on the 
platelet Hb-Hlla complex“; (2) thrombin, but not ADP, 
induces thrombospondin binding to platelets’’; and (3) 
ADP- but not thrombin-induced Ca*? influx is inhibited by 
two different GPHb-Hla complex—specific monoclonal anti- 
bodies.” Although none of these experiments, including the 
ones presented in this manuscript, are completely understood 
at a molecular level, taken together they emphasize the 
complexity and multiple modes by which the platelet surface 
can become activated. 

The observation that ADP-induced platelet aggregation ts 
completely blocked in the presence of apparently normal 
fibrinogen binding deserves further comment. There are 
several plausible explanations why platelet cohesion might be 
inhibited although binding of fibrinogen to the platelet 
surface has occurred. We cannot totally exclude the possibil- 
ity that fibrinogen binding is somehow qualitatively altered 
when Tab and AP3 occupy sites on GPHb and GPIlla, 
though several lines of evidence argue against this. If the 
binding of fibrinogen to the platelet surface was anomalous 
in the presence of AP3 plus Tab or if fibrinogen was 
interacting with either of the two antibodies, a change in 
either the number of fibrinogen molecules bound, the affinity 
of fibrinogen for the platelet surface, or both would be 
detected. Our data (Fig 3 and Table 3) demonstrate that 
neither of these two binding parameters were altered in the 
presence of one or both of these two monoclonal antibodies, 
indicating that other modes of inhibition must be considered. 
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Since Fab fragments of AP3 or Tab are unable to inhibit 
platelet aggregation even when only one of the two antibodies 
used is a Fab, these studies suggest that AP3 and Tab exert 
their synergistic inhibitory effect on ADP-induced platelet 
aggregation and secretion by a divalent antibody-dependent 
mechanism rather than by stearica'ly modifying the way in 
which fibrinogen binds to the platelet surface. The failure of 
an intact second antibody bound to multiple sites of surface- 
bound Fab fragments of AP? and Tab to reconstitute the 
inhibition of ADP-induced platelet aggregation further 
argues against simple stearic hindrance as the mechanism by 
which AP3 Tab inhibits platelet aggregation. 

Inasmuch as ADP-induced fibrinogen binding appears to 
be unaffected by AP3 plus Tab, it is likely that the lack of 
aggregation in the presence of these two antibodies repre- 
sents the inhibition of a physiologically important event that 
occurs subsequent to fibrinogen binding to the platelet 
surface. In this regard, monoclonal antibodies directed 
against either thrombospondin” or fibronectin” have also 
been reported to inhibit platelet aggregation by unknown 
mechanisms. It is possible that fibrinogen-fibrinogen asso- 
ciations between adjacent platelets may play a role in platelet 
cohesion and antithrombospondin, antifibronectin, and AP3 
plus Tab all block platelet aggregation by decreasing the 
affinity of fibrinogen-coated platelets for each other. On the 
other hand, by analogy with other celi surface receptors, eg, 
those for insulin or IgE, it is reasonable to speculate that 
reorganization and/or clustering of cell surface molecules 
might play a role in platelet activation. Employing diverse 
methodologies including immunoelectron microscopy"! 
chemical cross-linking,” and kinetic analyses of fibrinogen 
binding,” several investigators have found evidence for inter- 
action of fibrinogen receptors following platelet activation. 
The combination of AP3 and Tab may somehow interfere 
with activation-induced association of fibrinogen receptors 
with each other or the underlying cytoskeleton. It is notewor- 
thy that Estry and colleagues have recently reported that 
fibrinogen binds normally to platelets of dogs with congenital 
thrombopathia, a hereditary disorder of platelet function 
characterized by a thrombasthenialtke defect in aggregation 
but quantitatively normal levels of GPHb-llla. 4 The 
intriguing possibility exists that AP3 plus Tab are introduc- 
ing a defect similar to that found in canine thrombopathia. 
Using immunoelectron microscopy in conjunction with other 
methods, we plan to address questions concerning the inter- 
action and possible reorganization of fibrinogen receptors 
following platelet activation. 
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Characterization of Monoclonal IgG Cryoglobulins: Fine-Structural and 
Morphological Analysis 


By D.N. Podell, C.H. Packman, J. Maniloff, and G.N. Abraham 


The morphology of the amorphous, gelatinous, and crystal- 
line varieties of monoclonal IgG cryoglobulins was analyzed 
by light and transmission and scanning electron micros- 
copy. Each cryoglobulin had a characteristic fine structure 
that correlated with its gross morphology. Transmission 
electron microscopy showed that the amorphous precipi- 
tates were random and disorganized molecular clumps. In 
contrast, cryogels were thin-walled, well-organized, and 
hydrated strawlike clusters, whereas cryocrystals formed 
tightly compacted, highly structured molecular clusters. 


ONOCLONAL HUMAN IgG cryoglobulins without 
defined antibody activity have unique immunologic 
and biochemical characteristics. Their primary,” second- 
ary, and tertiary’”’ structural properties cause self-associa- 
tion and precipitation from chilled solutions by diverse 
biophysical processes." The cryoglobulinemic syndrome 
resulting from these molecular interactions is caused by 
-= eryoglobulin polymerization or precipitation in vivo, which 
produces signs of complete or partial small-vessel occlusion 
with or without accompanying hyperviscosity. Due to differ- 
ences in their structural and biophysical properties, IgG 
cryoglobulins may assume amorphous, gelatinous, and/or 
crystalline morphological forms in vitro, either in the 
patient's serum or in solution after purification.” 

The severity of the cryoglobulin-related clinical disease is 
related to the morphology of the IgG cryoprecipitate and the 
nature of the in vivo aggregate or molecular complex that 
forms. Clinically, the vascular occlusion causes skin lesions 
that range from superficial purpura to deep gangrenous 
ulcers in dependent areas. In general, the most severe 
symptoms are associated with crystalline eryoprecipitates* 
and the mildest with gelatinous cryoprecipitates. 

Although the processes of cryogel and the cryocrystal 
self-association and subsequent precipitation differ, ° dif- 
ferences in the structure of the various types of cryoprecipi- 
tates have not been previously described. In this report, 
monoclonal IgG cryoglobulins with defined biophysical prop- 
erties were purified from patient sera and studied by light 
and scanning and transmission electron microscopy to deter- 
mine their ultrastructural properties. These findings may 
clarify, in part, how these proteins produce their diverse 
clinical symptomatology. 


MATERIALS AND METHODS 


DUB (1gG,K), WEB (1gG,), and LON (IgG,) were purified from 
each patient’s serum as previously described.*'? Each formed a 
visibly different cryoprecipitate after incubation of the serum at 4 °C 
for seven days. IgGs DUB and WEB both produced flocculant white 
precipitates. After gentle manual inversion, the WEB cryoprecipi- 
tate appeared finely dispersed, and the solution showed a silky sheen 
characteristic of suspensions of microcrystals. The cryoprecipitate 
formed by IgG DUB was more flocculant, appeared in visible clumps 
(0.1 to 0.25 mm in size), and did not show the sheen noted for WEB. 
IgG LON formed a firm, opaque, cryogel that occupied the entire 
serum volume. The tube in which the LON cryogel formed was able 
to be completely inverted with minimal loss of serum. 
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Crystals that formed in blood produced rouleaux. and 
analysis by scanning electron microscopy indicated that 
the crystals could form thick-walled, branching, macromo- 
lecular nets that could physically trap cells. The morpho- 
logical properties provided visual impressions by which 
cryoglobulins could cause clinical disease secondary to 
vascular occlusion produced by self-associated IgG cryo- 
globulin molecules. 
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The amorphous and crystalline cryoglobulins and a portion ol 
cryogel LON were gently dispersed in ice-chilled phosphate- 
buffered saline (PBS) (0.01 mol/L phosphate buffer, 0.154 mol/L 
NaCl, pH 7.4) and collected by centrifugation at 200 rpm for 20 
minutes at 4°C. Each was then dissolved in PBS at 37°C and 
reprecipitated by 24 to 48 hours of incubation at 4 °C. This process 
was repeated four times to rid the cryoglobulins of trace contami- 
nants of albumin. IgG LON was additionally dialyzed against 0.015 
mol/L phosphate, pH 7.4, at 37°C and passed through a diethyl 
aminoethyl column (equilibrated with the same buffer) at 37 oC. All 
three proteins were judged immunologically pure by immunoeiectro- 
phoresis with antisera specific for the human heavy-chain classes 
and light-chain types and produced isoelectric focusing profiles with 
markedly restricted heterogeneity, typical of purified myeloma 
proteins.’ In addition, isolated heavy and light chains yielded single 
aminoterminal primary amino acid sequences upon automated 
Edman degradation.’ 

For electron microscopy, purified cryoglobulins were allowed to 
reform at 4°C in PBS, gently resuspended and added dropwise to 
ice-chilled 0.1% glutaraldehyde in 0.15 mol/L. phosphate buffer, pH 
7.4. The cryoglobulins were allowed to settle for 20 minutes and then 
collected by centrifugation at 200 rpm at 4 °C. Fixed cryoproteins 
were washed several times after resuspension in chilled 0.15 mol/L 
phosphate buffer (pH 7.4), postfixed in osmium tetraoxide, alcohol 
dehydrated, and embedded in epoxy resin. 

For transmission electron microscopy. 50 nm sections were stained 
with uranyl acetate prior to examination. The technique is similar to 
that described by Stoebner et alt except that a lower concentration 
of glutaraldehyde was used. 

Image analysis of micrographs was done using a 6-m optical bench 
with a 5-mW He-Ne laser as described previously. 





From the Clinical Immunology and Hematology Units of the 
Department of Medicine, and the Department of Microbiology of 
the University of Rochester School of Medicine and Dentistry, NY. 

Submitted May 7, 1986; accepted September 23, 1986. 

Supported by US Public Health Service Grants AF196358, 
AG06350, HL18208, HLO7152 and the James P. Wilmot Founda- 
tion. 

Dedicated to the memory of Dr Robert Weed. 

Address reprint requests to Dr GN. Abraham, Clinical Immu- 
nology Unit, Department of Medicine, University of Rochester 
School of Medicine, Rochester, NY. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore he hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact. 

© 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6902—0049$3.00/0 


677 


678 


RESULTS 


Light microscopy studies. Citrated blood samples from 
patients DUB, WEB, and LON were incubated at 4 °C for 
one hour. The tubes were mixed by gentle inversion to 
resuspend settled cells, and one drop from each sample was 
placed on a microscope slide. A cell monolayer was produced 
by spreading, and the cells were then stained with Wright's 
stain and examined. Samples from patients DUB and LON 
were unremarkable, However, that of WEB contained 
numerous rouleaux. As shown in Fig 1A, the erythrocyte 
clusters have crystals at their core. Figure 1B shows fusiform 
crystals of WEB, which formed in serum after ten minutes 
incubation at 4 °C and are morphologically similar to those 
noted in the centers of the rouleaux. 

The following experiments demonstrated that rouleaux 
formation was not due to agglutination of erythrocytes 
secondary to an antierythrocyte specificity for IgG WEB: (1) 
Noncryoprecipitating F(ab‘), fragments prepared by pepsin 
digestion of IgG WEB did not hemagglutinate, whereas 
anti-Rh antibody did hemagglutinate washed WEB red cells 
in a microtiter hemagglutination assay.'® (2) Incubation of 
washed WEB red cells with '**I-labeled F(ab’), of IgG WEB 
showed no greater uptake of label than did '*I-labeled 
F(ab’), prepared from pooled normal human IgG that had 
been absorbed with both pooled human erythrocytes prior to 
pepsin digestion and IgG WEB bound to bromoacety! cellu- 
lose.'’ The background binding amounted to less than 1% of 
the total radioactivity added to the assay mixture. 

Transmission electron microscopy. The cryoprecipi- 
lates were examined by transmission electron microscopy. 
Figure 2A shows the amorphous nature of IgG DUB. 
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Although the DUB cryoprecipitate has no obvious gross 
structure or molecular regularity, close examination reveals 
rare structures with the dimensions and shape of individual 
IgG molecules. Prolonged cultivation of the cryoprecipitate 
for up to | month in solutions of increasing salt concentra- 
tions (0.01 to 0.5 mol/L NaCl) did not change the amor- 
phous nature of IgG DUB. 

The cryogel IgG LON is shown in Fig 2B, C, and D. After 
purification, the LON cryoprecipitate formed narrow fibrils. 
Longitudinal cross sections of these fibrils (Fig 2C) show 
thin-walled, hollow tubules. In all sections studied, the 
tubules are organized into bundles that were seen in both 
horizontal (Fig 2B) and oblique (Fig 2D) cross-sectional 
cuts. The lack of density suggests a diffuse molecular struc- 
ture containing a large amount of trapped water. Using 
polarized light, unfixed preparations of IgG LON were not 
refractive, in agreement with the lack of molecular order. No 
definite molecular organization or structure was noted in 
high-magnification photomicrographs. 

In contrast, washed and purified WEB cryoprecipitates 
spontaneously formed microcrystals that were birefringent 
with plane polarized light. Bright-field light microscopy 
showed these microcrystals to be elongated and strawlike, 
either single or in bundles, from 20 to 400 or 500 um in 
length." High-power electron micrographs of perpendicular, 
parallel, or oblique cuts to the long axis of the WEB crystals 
showed variations of the dense herringboned, cross-hatched 
pattern noted in the longitudinal sections shown in Fig 3. 
This pattern results from the self-association of IgG WEB 
molecules into highly organized and tightly packed crystals. 
Close examination shows individual IgG molecules with a 





Fig 1. 


(A) Light micrograph of IgG WEB cryocrystals formed by the incubation of citrated blood at 4 °C. Elongated crystals are 


surrounded by erythrocyte clumps. (B) Light micrograph of IgG WEB cryocrystals formed by the incubation of plasma at 4 °C for 24 hours. 


The feathery crystals range from 50 to 250 um in size. Bar A, B, 67 um. 


ULTRASTRUCTURAL ANALYSIS OF IgG CRYOGLOBULINS 


679 





Fig2. (A) Transmission electron micrograph of amorphous IgG cryoglobulin DUB. No defined pattern or molecular array is noted. Bar, 
0.5 um. (B, C, and D) Transmission electron micrographs of cryogel IgG LON that demonstrate its fibrillar and tubular properties. B, C, and 
D represent perpendicular, longitudinal, and oblique sections of the fibrils. Bar B, 0.25 um; C, 0.55 um; D, 0.625 um. 
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typical “Y” configuration. Optical diffraction anałyses of 
15,000x electron micrograph negatives showed the units 
(IgG molecules) in the microcrystals to be in a helical 
arrangement with a periodicity of six to eight molecules and 
longitudinal and transverse dimensions of 140 A and 100 A, 
respectively. The latter measurement represents the com- 
puted distance between the amino terminal ends of the two 
limbs of the f(ab) regions of an IgG molecule. 

Scanning electron microscopy. Scanning electron mi- 
croscopy of crystals of IgG WEB showed dense walls of the 
WEB crystals whose tips are sometimes irregular, fractured, 
and jagged (Fig 4D) and other times blunt and thick with 
rounded and curled over edges (Fig 4A). This side-to-side 
association produces the sheets of tubules shown in Fig 4A. 
The ability of the WEB crystals to branch and form smaller 
projections that stem from larger crystal trunks is seen in Fig 
4B. The branching and intercollation can result in the netlike 
tangled array of crystals shown in Fig 4C 


To determine whether WEB crystals had the ability to 
trap blood cells, 10’ washed WEB peripheral red and white 
blood cells in PBS, pH 7.4, were added to | mL of a warmed 
(37°C) solution of purified WEB cryocrystals (concentra- 
tion, 1.5 mg/mL). The mixture was incubated at 4 °C for 24 
hours. The cryocrystals and cells then were allowed to settle 
and the cell-crystal sediment prepared for electron micros- 
copy. Figure 5 shows a photomicrograph of a single red cell 
enveloped by the WEB cryocrystal filaments. The photomi- 
crograph demonstrates that cryocrystals sometimes can form 
around, physically trap, and immobilize cells in the inter- 
stices of the cryoprotein net. 


DISCUSSION 


The present studies demonstrate that the three morpholog- 
ical types of monoclonal IgG cryoglobulins form precipitates 
that have different fine ultrastructural characteristics. As 
shown by electron microscopy, cryoglobulins may self- 
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Fig 3. Transmission electron micrograph of a longitudinal 
section of cryocrystal IgG WEB. The dense herringbone pattern is 
produced by highly organized and tightly packed IgG molecules. 
Bar, 0.13 um. 


associate In many ways: (1) as amorphous cryoprecipitates 
without any discernible molecular organization; (2) as cryo- 
gels comprised of loosely organized tubular structures that 
appear highly hydrated; and (3) as cryocrystals that are 
dense, compact, highly organized structures with a periodic 
molecular array. 

These studies also reveal another characteristic of IgG 
cryogel and cryocrystal globulins, namely, that they may 
amplify their size by organization of the basic tubular gel or 
crystalline units into large bundles. The size and complexity 
of the cryoprecipitate is enhanced by the ability of both the 
cryogel and cryocrystals to bend and also to form structural 
branch points from the larger cryoprotein trunks of the 
precipitate. For the ecryocrystal this process produces a 
complex and dense cryoprotein network that may be asso- 
ciated with cellular aggregation. This is visually noted by the 





Scanning electron micrographs of IgG WEB crystals. 
The micrographs demonstrate the ability of the crystals to branch 
and form nets and their thick tubular structure. Bar A, 1 um; B, 1.5 


Fig 4. 


um; C, 4 um; D, 0.5 um. 
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Fig 5. Scanning electron micrograph of an erythrocyte entan- 
gled in the IgG WEB cryocrystalline net. Bar, 0.8 um. 


presence of the erythrocyte rouleaux in peripheral blood that 
contain a single cryocrystal at their central core. The cryo- 
globulin net may also physically trap cells. The scanning 
electron micrographs of lgG WEB show that purified WEB 
crystals can form tentaclelike, branched crystalline projec- 
tions that may, upon crystallization, envelop and ensnare 
blood cells. 

The clinical symptoms that accompany primary idiopathic 
IgG cryoglobulinemia are of variable severity. The symp- 
toms are most likely due to the presence of self-associated 
IgG aggregates in the peripheral vasculature.'*"* In its most 
severe form, a necrotizing vasculitis manifested clinically by 
generalized skin ulcers is noted, which may become gangre- 
nous. This is secondary to the occlusion of small blood vessels 
with cryoprecipitate and accompanied by a marked perivas- 
cular and intramural arteriolar inflammatory reaction.” 
This situation should be contrasted with tissue or organ 
fixation and the renal and skin lesions that are associated 
with the more common mixed IgM-IgG cryoglobulins. These 
are true antigen-antibody complexes ” and in most instances 
avidly fix complement." 

The morphologies for lgG WEB and IgG LON correlate 
with their differing biophysical properties and their contrast- 
ing mechanisms for self-association. lgG LON forms thin- 
walled tubules after a four- to seven-day period of cryogela- 
tin. Biophysical studies*’ demonstrate that these axially 
asymmetric IgGs form large polymers through weak non- 
ionic and hydrophobic self-associative interactions. Cryo- 
crystals such as WEB aggregate with rapid concentration- 
dependent kinetics*'’ after the formation of a nucleation core 
that produces a dense molecular pack. Although primary 
amino acid sequence analyses demonstrate diverse primary 
Structural mutations in both heavy and light chains of these 
proteins,’ their relationship to the cryoprecipitation process 
has not as yet been determined. 

In sum, these morphological analyses provide a visual 
indication of how IgG cryoglobulin molecular self-associa- 
tions may produce the small-vessel vascular insufficiency 
and blockade characteristic of idiopathic monoclonal IgG 
cryoglobulinemia. In addition, the analyses show the close 
correlation between fine structural morphology and gross 
characteristics of the three cryoprotein types 
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Control of Hemopoiesis by a Bone Marrow Stromal Cell Clone: 
Lipopolysaccharide- and Interleukin-1—Inducible Production of 
Colony-Stimulating Factors 


By D. Rennick, G. Yang, L. Gemmell, and F. Lee 


A stromal cell line, GY30, was cloned from mouse bone 
marrow adherent cell layers. in culture, GY30 cells sustain 
the production of granulocyte-macrophage progenitor cells 
(GM-CFU) but fail to support the survival of pluripotential 
stem cells (CFU-S), GY30 cells secrete two growth factor 
activities distinct from interleukin-3 (IL-3), IL-2, and macro- 
phage colony-stimulating factor (M-CSF) but functionally 
similar to GM-CSF and G-CSF. The production of both CSFs 


T HAS BEEN RECOGNIZED for some time that bone 
marrow is the major hemopoietic tissue in the adult 
animal. This tissue is the main source of multipotential stem 
cells as well as mature myeloid cells that are needed daily to 
replace short-lived circulating blood cells.’ The development 
of clonal semisolid culture assays’ has provided valuable 
information about the growth and differentiation of hemo- 
poietic progenitor cells in response to colony-stimulating 
factors (CSFs) produced by various tissues and cell lines.? 
These studies have led to the identification of several types of 
CSFs and the purification of four mouse factors termed 
interleukin-3 (IL-3) or multi-CSF,*° granulocyte-CSF (G- 
CSF),° macrophage-CSF (M-CSF),’° and granulocyte- 
macrophage-CSF (GM-CSF).'° However, until recently, 
little was known about the specific mechanisms regulating 
hemopoiesis within the bone marrow. Following the develop- 
ment of techniques for growing bone marrow cells in liquid 
culture,'' a series of studies showed that long-term mainte- 
nance of stem cell growth and differentiation in vitro is 
dependent on bone marrow—derived adherent cells. 2? 

The adherent cell layers consist of a heterogeneous mix- 
ture of macrophages, endothelial cells, fibroblasts, and adi- 
pocytes.'*'” These various cell types are collectively referred 
to as stromal cells. Initially, there was difficulty in demon- 
strating the presence of soluble CSFs in these long-term bone 
marrow culture systems, which led to the suggestion that 
stromal cells may regulate hemopoiesis primarily through 
cell-cell interactions.'' Later it was shown that low levels of 
CSFs are produced by stromal cell layers'*” and that they 
could account in part for the growth and differentiation of 
granulocyte and macrophage progenitor cells in Dexter-type 


From the DNAX Research Institute of Cellular and Molecular 
Biology, Palo Alto, CA. 

Submitted May 12, 1986; accepted September 23, 1986. 

Address reprint requests to Dr D. Rennick, DNAX Research 
Institute of Molecular and Cellular Biology, 901 California Ave, 
Palo Alto, CA 94304-1104. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely to 
indicate this fact. 

© 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6902--00503 3.00/0 


682 


is increased 70- to 200-fold by treating GY30 celis with 
lipopolysaccharide or IL-1. RNA blot analysis reveals the 
presence of GM-CSF and G-CSF transcripts and demon- 
strates that IL-1 regulates the production of both factors at 
the mRNA level. Further, these studies show that the 
GM-CSF secreted by GY30 cells is structurally similar to 
the GM-CSF produced by activated T cells. 

@ 1987 by Grune & Stratton, Inc. 


cultures. However, the various types of CSF produced by 
stromal cells and their relationship to CSFs produced by 
other tissues have not been clearly established. Some cells 
within the stromal layer also modify the response of hemo- 
poietic stem cells by producing colony-enhancing factors” or 
inhibitors of differentiation-inducing factors.°? Thus, 
adherent layers can provide in vitro both stimulatory and 
inhibitory signals that maintain the development of pluripo- 
tential stem cells while sustaining steady-state production of 
differentiated progeny in a manner similar to intact bone 
marrow. 

Recent studies have used clonal stromal cell lines to 
identify specific mechanisms by which stromal cells regulate 
stem cell growth and differentiation. Li and Johnson”? have 
described an adherent cell clone that supports colony forma- 
tion by multipotential progenitor cells. The colony-stimulat- 
ing activity associated with the stromal cell line is apparently 
not CSF- (M-CSF), GM-CSF, or IL-3 (multi-CSF). It has 
also been reported that a preadipocyte cell line in direct 
contact with hemopoietic cells sustains the proliferation of 
hemopoietic stem cells (CFU-S)."! Other cloned stromal cell 
lines have been shown to suppert colony formation by 
hemopoietic cells specifically committed to granulocyte- 
macrophage lineages,’ ’’ whereas another supports erythro- 
cyte development as well.” Some of these lines have been 
shown to secrete M-CSF, which suggests a role for this factor 
in bone marrow—dependent hemopoiesis.°* It is apparent 
that these cell lines are morphologically and functionally 
diverse; thus they may represent some of the different cell 
types that constitute the hemopoietic inductive microenvi- 
ronment. 

Our studies with the bone marrow stromal cell clone 
GY 30 examined the production of humoral factors and their 
relationship to CSFs derived from other sources. These 
results show that GY30 cells are functionally distinct from 
previously described stromal cell lines. In addition, we have 
investigated the possibility that CSF production by GY30 
cells is regulated by various stimulants similar to the induc- 
tion of CSF synthesis by T cells. 


MATERIALS AND METHODS 


Animals. CBA/J and C3H/HEJ mice (Jackson Laboratories, 
Bar Harbor, ME), aged 8 to 12 weeks, were used as a source of bone 
marrow cells. 
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Establishment of adherent cell layers. Bone marrow cells 
obtained by flushing the femurs of CBA/J and C3H/HEJ mice were 
plated at 1 x 10° cells/mL in modified Iscove’s medium, 5 x 107° 
mol/L 2-mercaptoethanol (2-ME) and 10% fetal calf serum (FCS). 
Cultures established at 37 °C in a humidified atmosphere with 5% 
CO, in air were fed weekly by removing half of the medium and 
replacing it with fresh medium. After 3 months of continuous 
culture, adherent cells were trypsinized, washed, and one fifth of the 
cells were subcultured in new flasks. Cultures usually reformed an 
adherent layer after 2 weeks, at which time they were repeatedly 
passaged into new flasks. 

Single-cell cloning. A dilute suspension of adherent layer cells 
was plated in a 100-mm Petri dish. With the aid of an inverted 
microscope, single cells were micropipetted and transferred to 
separate wells in a Falcon microtiter tray (Falcon Labware, Oxnard, 
CA) containing modified Iscove’s medium, 2-ME, and 10% FCS. 
All wells were inspected for growth and clonality of the resulting 
line. Two clonal lines obtained by this method were used in this 
study. They are referred to as GY30 and HEJ.2 (derived from 
CBA/J and C3H/HEJ bone marrow cultures, respectively). 

Histochemical and immunofluorescent staining. GY30 cells 
were removed from culture with a rubber policeman and applied to 
glass slides using a cytocentrifuge. The mounted cell preparations 
were stained for myeloperoxidase, chioroacetate esterase, alpha- 
naphthyl acetate esterase, alkaline phosphatase, and acid phospha- 
tase by established histochemical methods. 

GY 30 cells were grown in a subconfluent layer in tissue culture 
chamber slides (Lab-Tek, Miles Scientific, Naperville, IL) for 
immunofluorescent staining of cell surface determinants. Growth 
medium was removed, and the adherent cells were overlaid with 
either anti-la®, anti-H-2K*. anti-Fhy1.2, anti-Lyl, anti-Ly2 (Bec- 
ton Dickinson, Oxnard, CA), or anti-Macl antibodies (gift of 
Robert Coffman, DNAX). Unrelated antibodies of the same iso- 
types as the specific monoclonals just mentioned were added to 
duplicate cultures to control for nonspecific binding. After 15 
minutes, the slides were washed and fluorescein isothiocyanate 
(FITC)-conjugated rat antimouse IgG antibodies (Pel-Freez Labo- 
ratories, Rogers, AR) or FITC-conjugated rabbit antirat Ig antibod- 
ies (Robert Coffman) were added to the appropriate sample. After 
30 minutes, the slides were washed, coverslipped, and examined with 
a Zeiss fluorescence microscope. 

Preparation of conditioned medium. Fresh unsupplemented 
medium or medium containing various concentrations of phytohe- 
magglutinin (PHA) (Wellcome Diagnostics, Buckenham, England), 
concanavalin A (Con-A) (Sigma Chemical Co, St Louis), lipopoly- 
saccharide (LPS) (Sigma), phorbol 12-myristate 13-acetate (PMA) 
(Sigma), P388D1 macrophage supernatant, or recombinant IL-1 
were added to confluent layers of GY30 or HEJ.2 cells. At various 
intervals (12 hours, 24 hours, and four days), the conditioned 
medium (CM) was collected, filtered through a 0.45-ym millipore 
membrane, and stored at —20 °C, 

To prepare P388D1 CD, P388D1 macrophage cells were grown to 
a confluent layer in RPMI 1640, 10% FCS, and 5 x 107° mol/L 
2-ME. The adherent layer was then cultured in fresh medium 
containing 0.5% FCS. After four days, the supernatant was har- 
vested and stored as described. 

Source of factors. Purified G-CSF (4 x 10° U/mL) was a gift 
of N. Nicola (Walter and Eliza Hall Institute). Purified M-CSF 
(CSF-1) at 2 x 10° U/mL was a gift of R, Shadduck (University of 
Pittsburgh School of Medicine). Purified recombinant IL-1 (10° 
U/mL) was a gift of P. Lomedico (Hoffman-La Roche, Nutley, 
NJ). Recombinant IL-2, IL-3, and GM-CSF were obtained from 
Cos 7 cells transfected with the corresponding cDNA clones as 
previously described.’ * One unit of IL-2, IL-3, G-CSF, M-CSF, or 
GM-CSF is defined as that amount of factor that stimulates 
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half-maximal (*H]-thymidine incorporation of factor-dependent 
lines cultured at 5 x 10* cells/mL. 

Factor-dependent cell lines. MC/9 mast cells” were grown in 
RPMI 1640, 5 x 107° mol/L 2-ME, and 10% FCS supplemented 
with recombinant IL-3. NFS-60 and DA 3 myeloid cell lines (both 
provided by J. Ihle, Frederick Cancer Research Institute) were 
subcloned by micromanipulation. A GM-CSF-responsive subclone 
of DA 3 cells, referred to as DA 3.15, was isolated and has been 
continuously grown for 6 months in basic medium supplemented 
with recombinant GM-CSF. A subclone derived from NFS-69 cells, 
referred to as NFS-60.4, has been maintained in basic medium and 
recombinant IL-3. The T cell line HT2 (supplied by S. Strober, 
Stanford University) was cultured in complete medium containing 
recombinant IL-2. 

Proliferation assays. Factor-dependent cells were cultured at 
5 x 10° cells/well (Falcon microtiter trays) in RPMI 1640, 4% FCS, 
§ x 10°° mol/L 2-ME, and varied concentrations of test superna- 
tants. During the last six hours of a 24-hour incubation period, each 
culture was pulsed with 0.5 wCi [*H]-thymidine. The cells were 
harvested onto glass fiber filters, and the radioactivity was measured 
in a liquid scintillation spectrometer. 

Spleen colony—forming unit assay. The CFU-S content of cul- 
tured or fresh bone marrow cells was assayed by the method of Till 
and McCulloch.” Each lethally irradiated (900 rad) CBA/J mouse 
was injected intraveneously with one fifth of the nonadherent bone 
marrow cells harvested from a single culture flask that had been 
seeded with 5 x 10° nonadherent bone marrow cells. Control groups 
were injected with 10° fresh bone marrow cells or received no cells. 
After ten days, the spleens (five mice per group) were removed and 
fixed in Bouin's solution and the splenic nodules counted using a 
dissecting microscope. The average background spleen colony count 
in mice not injected with cells was <0.5 per spleen. The average 
count in the control group receiving 10° uncultured bone marrow 
cells was 17 + 4. 

Bone marrow colony-forming assay. Bone marrow cells were 
suspended at 1 x 10° cells/mL in RPMI 1640 with 2% FCS and 
incubated in tissue culture--grade Petri dishes for two hours. The 
nonadherent cells were harvested and cultured at 10° cells/mL in 
35-mm Petri dishes containing modified Iscove’s medium, 25% FCS, 
§ x 10°° mol/L 2-ME, 0.8% (wt/vol) methylcellulose using either 
IL-3, GM-CSF, or GY30 CM as a source of growth factor. After 
three days of culture, 1 U/mL erythropoietin (Step HH, Terry Fox 
Laboratories, Vancouver, BC, Canada) was added to one set of 
duplicate cultures. Colonies consisting of more than 50 cells were 
counted on day 7. Individual colonies were applied to glass slides and 
stained with Wright-Giemsa for morphological analysis. 

Endotoxin determination. Purified recombinant IL-1 was 
assayed for the presence of endotoxin using the limulus amebocyte 
lysate test (E-toxate kit, Sigma). IL-1 prepared at 10, 1, and 0.1 
U/mL was compared with various concentrations of an Escherichia 
coli endotoxin reference (Lot EC-1) according to the E-toxate 
procedure. The limit of detection of endotoxin is 0.05 to 6.2 ng/mL. 

Preparation of mRNA and RNA blot analysis. GY30 cells were 
harvested from flasks by treatment with trypsin and then lysed with 
guanidine thiocyanate according to the procedure of Chirgwin et 
al.“ The total cellular RNA was isolated by centrifugation through 
CsCl and recovered by ethanol precipitation. PolyA+ RNA was 
isolated following oligo (dT) cellulose chromatography.” As a 
control, mRNA was also isolated from the helper T cell clone 
CLLy1+2—/9.% 

For RNA blot analysis, polyA + RNA was denatured and treated 
with formaldehyde as described by Maniatis et alf and then 
fractionated on a 1% agarose gel containing formaldehyde. The 
RNA was then transferred to a nylon/nitrocellulose filter (Nytran, 
Schleicher and Schueil, Keene, NH). Filters were prehybridized and 


684 


hybridized in 6x SSPE containing 50% formamide” at 55°C, The 
GM-CSF probe was made using a BamH 1 fragment containing a 
full-length mouse GM-CSF cDNA® subcloned into the GEM-1 
vector (Promega Biotec, Madison, WI) that carries the SP6 promot- 
er. ’P-labeled RNA probe was synthesized in vitro using SP6 RNA 
polymerase and ’P-cytidine triphosphate or ¥P-guanosine triphos- 
phate essentially as described by Melton et al.“ The G-CSF probe 
was made by fill-in labeling of synthetic oligonucleotides corre- 
sponding to residues 68 to 163 and 599 to 694 of the mouse G-CSF 
cDNA clone.” Following overnight hybridization, RNA blots were 
washed in 0.1 x SSPE at 65 °C and then exposed to x-ray film. 

Biosynthetic labeling and analysis of extracellular matrix pro- 
teins. Cell lines were labeled with 50 wCi/mL of [°H]-proline (100 
Ci/mmol; Amersham Corp, Arlington Heights, IL) in 5 mL of 
RPMI medium supplemented with 100 ng/mL ascorbate, 64 ug/mL 
2-amino-propionitrile fumarate, and 5% dialyzed FCS. Cells were 
labeled for 24 hours, and the medium was harvested. The following 
were then added to the medium: EDTA (20 mmol/L), N-ethyl 
maleimide (10 mmol/L), and phenylmethyl sulfonylfluoride (1 
mmol/L). The proteins were precipitated by the addition of solid 
ammonium sulfate to a 45% saturation followed by stirring over- 
night at 4 °C. The precipitated protein was collected by centrifuga- 
tion, then the pellet was resuspended in and dialyzed extensively 
against 0.03 mol/L Tris-HCI, pH 7.8, 2 mol/L urea, 0.1% Triton 
X-100, and 0.02 mol/L EDTA. Aliquots of the labeled proteins were 
then treated with pepsin or collagenase essentially as described by 
Zipori et al and analyzed under reducing conditions by sodium 
dodecyl sulfate~polyacrylamide gel electrophoresis in 5% gels.” 
[*H]-labeled type I and type IV collagen standards were kindly 
provided by Dr B. Blumberg (University of California, Los 
Angeles). 

Assay of anglotensin-converting enzyme activity. Angiotensin- 
converting enzyme activity was assayed by a spectrophotometric 
method using the ACE kit purchased from Sigma. GY 30 cell lysate 
from 10° cells was prepared by adding 3 mL of 0.05 mol/L HEPES 
buffer, pH 8.0, containing 0.15 mol/L NaCl and 1% vol/vol Triton 
X-100. After 30 minutes the cells were removed from the flask with 
a rubber policeman and homogenized. Aliquots of GY30 homo- 
genate and angiotensin-converting enzyme standard were assayed 
for activity according to the ACE kit procedure. 

Electron microscopy. GY30 celis were fixed with 2.5% glutaral- 
dehyde in 0.1 mol/L cacodylate buffer, pH 7.4, containing 0.05% 
CaCl,. The fixative was replaced with 0.1 mol/L cacodylate buffer 
with 0.05% CaCl, and 7% wt/vol sucrose. Cells were postfixed with 
1% OsO,, dehydrated in an ascending ethanol series, and then 
embedded in Epon. Thin sections were stained with uranyl acetate 
and lead citrate and examined and photographed with a Philips EM 
201 electron microscope. 


RESULTS 


Derivation and morphological characterization of cloned 
stromal cell lines. An adherent layer of CBA/J bone 
marrow cells was established in long-term culture for 3 
months with weekly feeding. During this period a steady 
production of nonadherent hemopoietic cells was sustained. 
Morphological examination of the nonadherent population 
revealed maturing neutrophilic granulocytes and macro- 
phages. After the initial 3-month culture period, nonadher- 
ent cells were discarded, and the adherent cells were pas- 
saged every other week. One of the subcultures was able to 
quickly reform a confluent layer of cells and could be readily 
cloned by micromanipulation. Twenty-two clones were suc- 
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cessfully derived from 182 micropipetted cells. Neither the 
adherent layers nor the resulting cloned lines require exoge- 
nous factors for growth, except these contained in FCS. 

One clone, designated GY30. survived more than 20 
passages and was selected for further study. Although GY 30 
cells do not display density-dependent growth typical of 
primary cell cultures, they cease growing in vitro after 
reaching confluency and do not form tumors when injected 
into normal or sublethally irradiated (400 rad) CBA/J mice. 
In vitro, -his clone grows with an approximate doubling time 
of 30 to <8 hours and consists of large flat cells (Fig 1A) that 
form a confluent monolayer with a cobblestone appearance. 
If cultures are allowed to become confluent for 8 weeks or 
longer, approximately 3% of the cells spontaneously accumu- 
late lipid vacuoles (Fig 1B). Lipid accumulation has been 
observed in preadipocytes that may be of fibroblastoid or 
epithelia. cell origin. Although the significance of adipogene- 
sis is not clear, it seems to be related to growth arrest. We 
have alsc found that GY30 cells are myeloperoxidase-, acid 
phosphatase- and nonspecific esterase-negative but chloroa- 


they have the following surface phenotype: H-2+, Thyl+. 





Fig 1. Phase-contrast micrographs of GY30 adherent cells. 
{A} Actively growing cultures. (Original magnification x 300: 
current magnification, x 96. (B) Eight-week-old stationary cul- 
tures wherein approximately 3% of GY30 cells have undergone 
adipogenesis. (Original magnification x 300; current magnification 
x 102.) 
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la—, Lyl—2—, Mac]! —. These results indicate that GY30 
cells are not macrophages. 

Analysis of extracellular matrix proteins biosynthetically 
labeled with [(*H]-proline revealed that GY 30 cells synthe- 
size predominantly type | collagen along with small amounts 
of collagen types IV and V (Fig 2). This profile of collagen 
production suggests that GY30 cells share properties with 
both fibroblasts and endothelial cells.* Electron micrographs 
of GY30 cells failed to demonstrate Weibel-Palade bodies, 
which have been identified as specific components of arterial 
endothelial cells in situ.® Further, the endothelial origin of 
GY30 cells could not be established by the presence of 
angiotensin-converting enzyme activity.** Thus, GY30 
cells are tentatively classified as fibroendotheliallike cells. 

Using the same methodology, several stromal cell lines 
were cloned from an established adherent layer of C3H/HEJ 
bone marrow cells. The line referred to as HEJ.2 had 
properties similar to GY30 cells, and its use in certain 
experiments will be described later. 

Effects of GY30 adherent layer and GY30 CM on CFU-C 
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Fig 2. Analysis of [°H]-proline—labeled extracellular proteins. 
GY30 cells were incubated with [*H]-proline as described in 
Materials and Methods. Proteins in the medium were concen- 
trated by ammonium sulfate precipitation and then analyzed by 
polyacrylamide gel electrophoresis following treatment with pep- 
sin or collagenase. The position of collagen standards is indicated. 
The gel was fixed and then soaked in a fluorographic solution 
{Enlightning, New England Nuclear, Boston) prior to autoradiogra- 
phy. 
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and CFU-S production. Adherent cell-depleted bone mar- 
row cells (5 x 10°) were seeded on top of a confluent layer of 
GY30 cells or cultured in 30% GY30 CM. At weekly 
intervals, two identical cultures from each set were termi- 
nated, and all of the nonadherent cells were harvested by 
gently washing the bottom of the flask. The total cell 
production and CFU-C and CFU-S content were determined 
at each time point. The number of CFU-C and CFU-S 
present in the uncultured nonadherent bone marrow cells 
was assayed as described in Materials and Methods. It was 
calculated that 5 x 10° fresh bone marrow cells contained 85 
CFU-S and 1.15 x 10° CFU-C when cultured in IL-3. 

The total number of viable cells recovered from cultures 
supplemented with GY30 CM rapidly declined after the 
second week of culture, whereas a steady production of 
mature neutrophilic granulocytes and macrophages was 
maintained in cultures containing GY30 adherent layers 
(Fig 3A). Moreover, cells recovered from cultures supple- 
mented with GY30 CM failed to form hemopoietic colonies 
when plated in semisolid culture medium with IL-3 and 
erythropoietin (Fig 3B). However, a small but significant 
number of colony-forming cells (CFU-C) were detected for 
many weeks in cultures where hemopoietic cells were in 
direct contact with the GY30 cell layer. The colonies 
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Fig 3. Hemopoietic cells recovered from long-term cultures 
containing GY30 adherent cells or GY30 CM. (A) Results are 
expressed as the mean number of nonadherent cells harvested 
from duplicate cultures containing GY30 adherent layers (@ —@) 
or only GY30 CM (O— O). Each culture flask contained 5 x 10° 
nonadherent cells in a total volume of 5 mL. The adherent layer 
cultures were fed biweekly by removing half of the medium and 
replacing it with fresh unsupplemented medium, and the other set 
of cultures were replenished with GY30 CM at 48-hour intervals. 
Any cells removed during the exchange of medium were added 
back to the respective cultures. Control cultures contained 5 x 10° 
nonadherent cells plated in the absence of an adherent layer or 
CM. After 1 week of incubation, there were no viable cells 
detected in these control cultures. (B) Results are expressed as 
the mean number of colony-forming cells (GM-CFU) recovered 
from duplicate cultures harvested at each time point; GY30 
adherent layers (@—@), GY30 CM (O——-0), and unsupplemented 
medium (4-——A). To enumerate GM-CFU, nonadherent cells from 
each culture were divided between three 35-mm dishes containing 
semisolid growth medium supplemented with 1,000 U/mL of IL-3 
and 1 U/mL of erythropoietin as described in the text. The 
resulting colonies consisting of greater than 50 cells were scored 
after seven days of incubation. 
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detected in the CFU-C assay consisted entirely of neutro- 
philic granulocytes and macrophages. 

At the same time points, cells harvested from identical 
parallel cultures were tested for CFU-S content. We found 
that they failed to form spleen colonies when injected into 
lethally irradiated mice (data not shown). These results 
suggest that GY 30 cells fail to support pluripotential (CFU- 
S} whereas they are capable of maintaining a fraction of the 
granulocyte-macrophage progenitor cells (GM-CFU) pres- 
ent in the original input nonadherent bone marrow popula- 
tion. Alternatively, GY30 cells may support a small number 
of pluripotential cells that are undetectable by the CFU-S 
assay, but these stem cells give rise to a modest number of 
GM-CFU during long-term culture. Our data do not discern 
between these possibilities. 

Production of colony-stimulating activity. The colony- 
stimulating activity of GY30 CM collected four days after 
the last medium change was evaluated in conventional 
semisolid bone marrow cultures. The results presented in 
Table | show that GY30 CM stimulates a significant num- 
ber of nonerythroid colonies compared with IL-3 and GM- 
CSF. Despite the presence of erythropoietin, no pure or 
mixed erythroid colonies above background levels were 
observed. When the cellular composition of individual colo- 
nies was examined, they were found to consist entirely of 
neutrophilic granulocytes, macrophages, or a mixture of the 
two cell types. 

Characterization of the colony-stimulating activities 
using factor-dependent cell lines and cDNA probes. To 
further characterize the colony-stimulating activities pro- 


Table 1. Colony-Stimulating Activity of GY30 CM 


Number of Colonies/ 10° BM Celis* 


Source EPO 
of (1 Unit per Containing 
CSF Culture) Nonerythroid Erythrocytes 
GY30 CM 
30% + 71+ St 512 
= 79 + 10 0 
3% + 1124 3+2 
0.3% + 542 21 
GM-CSF 
(500 U/mL} + 126 + 32 12 +3 
== 119 + 17 0 
IL-3 
(500 U/mL) + 216 + 28 52 +9 
— 201 + 42 0 
None + 4+2 3+2 
(Medium control) — 7+3 Q 


Nonadherent bone marrow (BM) cells were suspended at 10° cells in 1 
mi. of methylcellulose culture medium supplemented with various con- 
centrations of GY30 CM. Controi cultures contained IL-3 or GM-CSF as a 
source of growth factor. After three days of incubation, 1 unit of 
erythropoietin (EPO) was added. On the seventh day, the resulting 
colonies consisting of 50 or more cells were counted. 

*Data from triplicate cultures are expressed as means + SEM. 

+All of the colonies from two cultures were picked, applied to glass 
slides, and analyzed after staining fixed cells with Wright-Giemsa. The 
cellular composition of individual colonies was as follows: 58% granulo- 
cyte, 7% macrophage, and 35% mixed granulocyte/macrophage. 
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duced by GY30, supernatant was collected four days after 
the addition of fresh medium and was examined in 24-hour 
proliferation assays using factor-dependent cell lines. The 
cell lines selected for this study have been characterized with 
respect to their dependence cn several defined growth factors 
(Fig 4A to D). Purified macrophage colony—stimulating 
factor (M-CSF) does not stimulate any of these cell lines. 
Only HT2 T cells responded to recombinant IL-2. The mast 
cell line MC/9 and the myeloid cell lines NFS 60.4 and DA 
3.15 are all stimulated to proliferate by recombinant IL-3. 
However, NFS 60.4 and DA 3.15 cells are also stimulated by 
purified G-CSF and recombinant GM-CSF, respectively. 
Thus, the pattern of response of this cell panel was used to 
functionally identify as well as quantitate growth factor 
activities present in test supernatants. 

We found that GY30 CM (day 4) fails to stimulate 
proliferation of IL-2-dependent HT2 T cells (Fig 4A) and 
IL-3--dependent MC/9 mast cells (Fig 4B). However, it does 
support proliferation of NFS 60.4 cells (Fig 4C) and DA 
3.15 cells (Fig 4D). Taken together, these data show that 
GY30 stromal cells produce colony-stimulating activities 
distinct from IL-2, IL-3, and M-CSF but functionally simi- 
lar to GM-CSF and G-CSF. 

These data do not rule out the possibility that GY30 cells 
also produce M-CSF. However, the low frequency of macro- 
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Fig 4. [H]thymidine incorporation of factor-dependent cell 
lines stimulated by defined growth factors and GY30 CM. A 
quantity of 5 x 10° factor-dependent celis per culture (0.1 mL total 
volume) were incubated for 24 hours in growth medium supple- 
mented with varying concentrations of IL-3 (W—W), IL-2 (A——-A), 
GM-CSF (O-—-O), G-CSF (@-—--@}, M-CSF (a-—-a), or day 4 GY30 
CM (C]-—-(). Each culture was pulsed with [°H]}-thymidine during 
the last six hours of incubation anc harvested onto glass fiber 
filters and the radioactivity determined. Titrations of GY30 CM 
and various stock solutions of defined growth factors (adjusted to 
approximately 1.000 U/mL} were started at 1:2 dilutions in the 
first well. Resuits of triplicate cultures are expressed as the mean 
counts per minute + SEM. (A), HT2 T celis; (B) MC/9 mast cells: 
(C) NFS 60.4 cells; {D} DA 3.15 cells. 
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A B 


Fig 5. RNA blot analysis of 
GY30 mRNA probed with a 
GM-CSF cDNA probe. mRNA 
from the (A) T cell clone Ci.Ly 
1+2-—/9 (5 ug) or from (B) 
GY30 cells (10 ug) was run ona 
1% agarose-formaldehyde gel 
and then blotted to a Nytran 
nylon/nitrocellulose mem- 
brane. The filter was hybrid- 
ized with a “P-labeled GM-CSF 
probe prepared as described in 
Materials and Methods. The 
autoradiogram was exposed 
for three days at — 70 C using 
an intensifying screen. 


-28S 


-18S 





phage colonies observed in the CFU-C assay (Table 1) 
indicates that, if present, the concentration may be limiting. 

GY30 mRNA was analyzed by RNA blot hybridization 
using molecular probes for several growth factors. The probe 
for GM-CSF hybridized to a mRNA species that migrated 
at the same position as the GM-CSF band in a control RNA 
sample derived from Cl.Lyl+2—/9 T cells (Fig 5). This 
result clearly establishes that GY30 cells produce GM-CSF. 
When GY30 mRNA was analyzed with probes for mouse 
G-CSF, no hybridization could be detected, although later 
studies (described later) suggest that low levels of G-CSF 
mRNA are made that are below the level of detection by 
RNA blotting. In agreement with the results of bioassays of 
the CM, no hybridization could be detected using probes for 
IL-2 or IL-3 (data not shown). 

LPS stimulation of CSF production. We then wished to 
determine whether CSF production by GY30 cells could be 
regulated by various stimulating agents known to activate 
other lymphoid or hemopoietic cells. In these studies we 
tested the effects of various concentrations of PHA, PMA, 
Con-A, and LPS. CM from treated and untreated GY30 
cells were collected after 12 hours and tested using the four 
factor-dependent cell line already described. 

Treatment with PMA, Con-A, or PHA had no effect on 
GY30 cells in any of the assays (data not shown). In contrast, 
LPS treatment of GY30 cells stimulated increased activity 
detected by the G-CSF-responsive cell line NFS 60.4 (Fig 
6). A total of 20 ng/mL LPS was required to give maximum 
production of the G-CSF-like activity, and concentrations of 
0.02 ng/mL or less had no effect. We calculated that 70 
U/mL of G-CSF activity was present in stimulated GY30 
supernatant compared with less than 1 U/mL in unstimu- 
lated 12-hour supernatant. One unit was defined as the 
amount of factor that induced half-maximal stimulation of 
*H-thymidine uptake by NFS 60.4 cells under the assay 
conditions described. LPS titrated into NFS 60.4 cultures at 
a starting concentration of 200 ng/mL had no effect by itself. 
Moreover, the addition of various concentrations of LPS to 
unstimulated 12-hour supernatant did not result in enhanced 
stimulation of NFS 60.4 cells. 
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Fig 6. [*H]-thymidine incorporation of NFS 60.4 cells stimu- 
lated by supernatants of LPS-treated GY30 cells. A total of 5 x 10° 
NFS 60.4 cells per culture (total volume of 0.1 mL) were incubated 
in medium supplemented with varying concentrations of GY30 
supernatants induced for 12 hours with LPS at 20 ng/mL (0—0), 
2 ng/mL (0—0). 0.2 ng/mL (@— 1), and 0.02 ng/mL (A—-A) or 
unstimulated 12-hour GY30 supernatant (A— A) or unstimulated 
GY30 supernatant containing 20 ng/mL LPS (@—-@). NFS 60.4 
cells were also cultured with varying concentrations of purified 
G-CSF (@——-¢@) and LPS (0---©). Stock solutions contained 
1,000 U/mL G-CSF and 200 ng/mL LPS. Cell cultures were 
harvested as described in the legend to Fig 4. Results of triplicate 
cultures are expressed as mean counts per minute + SEM. 


Our ability to assess the GM-CSF activity of LPS-induced 
GY 30 supernatants was complicated by the fact that certain 
concentrations of LPS alone directly stimulate proliferation 
of the DA 3.15 cell line. LPS at concentrations of 2 ng/mL or 
less does not stimulate DA 3.15 cells, but 2 ng/mL of LPS 
does stimulate increased production of GM-CSF by GY30 
cells (detected by proliferation of DA 3.15 cells, Fig 7). The 
residual LPS in this sample does not appear to mediate this 
effect since 2 ng/mL LPS added to an unstimulated superna- 
tant did not cause increased proliferation of the target cells 
(Fig 7): Stimulation of GY30 cells with 2 ng/mL LPS 
induced approximately 40 U/mL of GM-CSF, whereas 
untreated cells produced less than 1 U/mL. None of the 
supernatants from LPS-treated GY30 cells stimulated IL- 
2—dependent T cells (HT-2) or IL-3—dependent mast cells 
(MC/9) (data not shown). Thus, LPS induces increased 
production of GM-CSF and an activity similar to G-CSF. 
However, it does not induce new expression of IL-2- or 
IL-3—like activities. 

Recombinant IL-1 enhances CSF production. To deter- 
mine whether macrophages and T cells secrete molecules 
that regulate stromal cell function, GY 30 cells were cultured 
with CM of various T cell lines and the macrophage cell line 
P388D1. Increased levels of CSF activity were found only in 
supernatants of GY30 cells incubated with P388D1 CM 
(data not shown). This result raised the possibility that a 
macrophage product such as IL-! mediates this effect. 
Therefore, GY30 monolayers were cultured with varying 
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Fig 7. [°H]-thymidine incorporation of DA 3.15 celis stimulated 
by supernatants of LPS-treated GY30 cells. The general culture 
conditions were described in the legend to Fig 4. DA 3.15 cells 
were cultured with varying concentrations of supernatants of 
GY30 cells treated with LPS at 2 ng/mL (0-—0O)} and 0.2 ng/mL 
(E-M). supernatant of unstimulated GY30 cells (A--—A), and 
unstimulated GY30 supernatant containing 2 ng/mL LPS (a-—-A). 
DA 3.15 cells were also cultured with 2 ng/mL LPS (O---O) and 
varying concentrations of recombinant GM-CSF (A-—-—A). Results 
of triplicate cultures are expressed as mean counts per minute + 
SEM. 


concentrations of recombinant IL-1. Supernatants were har- 
vested after 12 hours and tested in a *[H]-thymidine incorpo- 
ration assay using the factor-dependent cell lines. We found 
that supernatants of GY 30 cells treated with 10 U IL-1/mL 
or more contained at least 210 U/mL of the G-CSF activity 
(Fig 8A, measured by NFS 60.4 cells) and 230 U/mL of 
GM-CSF (Fig 8B, measured by DA 3.15 cells). IL-1 at 
various concentrations had no effect on these cells by itself. 
Further, the addition of 10 U IL-1/mL to uninduced GY30 


Fig 8. iL-1 stimulates in- 
creased CSF production by 
GY30 stromal cells. (A) NFS 
60.4 and (B) DA 3.15 cells were 
cultured with supernatants of 
GY30 cells treated for 12 hours 
with O, 0.1, 1, 10, or 100 U/mL 
recombinant {L-1. The tevels of 
(H]-thymidine incorporation 
stimulated by these various 
supernatants and purified G- 
CSF or GM-CSF were assayed 
as described in the legend to 
Fig 4. The stimulatory activities 
of IL-1—induced GY30 superna- 
tants are expressed in units per 
milliliter where 7 unit is defined 
as the amount of factor that 
stimulates half-maximal 
7 ["H]-thymidine incorporation of 
the factor-dependent celis. 
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supernatant did not result in enhanced stimulation of the 
factor-dependent cell lines. We also found that IL-} -induced 
GY30 supernatants failed to stimulate HT2 T cells and 
MC/9 mast cells (data not shown). 

These results suggest that IL-1 as well as LPS may 
up-regulate the production of colony-stimulating activities 
by the stromal cell line. However, it was necessary to rule out 
that the induction by IL-1 was due to traces of endotoxin 
contamination. Since IL-1 added directly into DA 3.15 cell 
cultures had no effect by itself. we reasoned that any 
endotoxin contamination must be 2 ng/mL or less. This 
concentration was already shown to be nonstimulatory for 
this LPS-responsive cell line (Fig 7). This conclusion was 
confirmed when [IL-1 prepared at 10 U/mL was negative 
using the limulus amebocyte lysate test (endotoxin sensitivity 
of 0.05 to 0.2 ng/mL). Additional evidence was obtained 
with the stromal cell line HEJ.2 derived from LPS-resistant 
C3H/HEJ mice. HEJ.2 ceils share many properties with 
GY30 cells including increased production of G-CSF-~-like 
activity in response to 10 U/mL IL-1 (Fig 9B, measured by 
NFS 60.4 cells). In this case. due to the LPS-resistant nature 
of these cells, LPS concentrations in excess of 3 ug/mL were 
required to induce any detectable CSF production within the 
same 12-hour culture period (Fig 9A). The possibility that 
the IL-1] preparation was contaminated with these levels of 
endotoxin was already ruled out by two other means (LPS 
sensitivity of DA 3.15 cells and the limulus amebocyte lysate 
test). 

Regulation of CSF mRNA levels by IL-1. mRNA was 
isolated from GY30 cells 12 hours following the addition of 
l-1 and was compared in a RNA blot with mRNA from 
untreated cells. The results in Fig 10 show that the levels of 
GM-CSF mRNA are highly inducible by IL-1. The induced 
mRNA appears to be identical in length to the mRNA 
produced by uninduced cells or by T cells. These results 
strongly suggest that IL-1 directly induces new transcription 
of GM-CSF mRNA in GY30 cells. 

We aiso analyzed GY30 mRNA for G-CSF transcripts 
using G-CSF cDNA probes. Although no detectable hybrid- 
ization was found in the mRNA from untreated GY 30 cells, 
mRNA from IL-l—induced cells showed a distinct band of 
hybridization at approximately the same size previously 
reported for G-CSF transcripts (1.7 kb). Based on these 
results, we believe it is likely that uninduced GY30 cells 
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Fig9. LPS andil-1 stimulate CSF production by HEJ.2 stromal 
cells. NFS 60.4 celis were cultured with supernatants of HEJ.2 
cells treated with (A} 3, 6, 12, and 24 pg/mL LPS and {B} 1, 10, and 
100 U/ml recombinant IL-1. The growth factor activity of the 
HEJ.2 supernatants, expressed as units per milliliter, was assayed 
as described in the legend to Fig 4. 
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Fig 10. (A) Induction of GM-CSF mRNA 
in GY30 cells by IL-1. mRNA was isolated 
from untreated GY30 cells or from cells 12 
hours following the addition of 100 U/mL of 
recombinant IL-1. RNA blot analysis was car- 
ried out as described in Materials and Meth- 
ods by using a GM-CSF probe. The autoradio- 
gram was exposed for 16 hours at — 70°C 
using an intensifying screen. The GM-CSF 
band in uninduced GY30 mRNA requires 
longer exposure times to be detectable. (B) 
Induction of G-CSF mRNA in GY30 cells by 
IL-1. mRNA samples isolated as in (A) were 
analyzed in RNA blots using two “P-labeled 
synthetic oligonucleotides corresponding to 
residues 68 to 163 and 599 to 694 of the 
mouse G-CSF cDNA. 





produce low levels of G-CSF mRNA undetectable by RNA 
blotting that account for the NFS 60.4—stimulatory activity. 


DISCUSSION 


Stromal cells produce GM-CSF and G-CSF. Studies 
using clonal lines of stromal cells provide a powerful means 
to understand the mechanisms by which the bone marrow 
microenvironment regulates stem cell growth and differen- 
tiation. Important questions arise as to the nature of the 
signals mediating interactions between stromal cells and 
hemopoietic progenitor cells, including the possible produc- 
tion of soluble factors and their relationship to hemopoietic 
regulators made by cells outside the marrow such as T 
lymphocytes. Although previous studies have shown that 
several stromal cell clones produce M-CSF," a few lines 
apparently secrete additional granulocyte and macrophage 
colony—stimulating activities.” Neither the number of fac- 
tors involved nor their precise identity could be established. 

We describe here the characterization of a fibroendothe- 
liallike stromal cell clone, GY 30, which was isolated from the 
adherent layers of bone marrow cultures. GY 30 cells sustain 
through direct contact the production of committed granulo- 
cyte-macrophage progenitor cells (GM-CFU) but fail to 
support the survival of multipotential stem cells as detected 
by the CFU-5 assay. Further, the supernatant of GY 30 cells 
stimulates the formation of granulocyte-macrophage colo- 
nies in semisolid bone marrow cultures. Using a panel of 
factor-dependent cell lines, we show that no significant levels 
of IL-3 or IL-2 could be detected in GY 30 cell supernatants. 
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However, results with these cell lines suggest that GY 30 cells 
produce activities similar to GM-CSF and G-CSF. Both 
factors could be unambiguously demonstrated by the pres- 
ence of GM-CSF and G-CSF transcripts detected using 
specific cDNA probes. These results show that GM-CSF, 
which is made by activated T cells, also plays a role in 
controlling steady-state hemopoiesis in the bone marrow. 
Our results also establish that G-CSF, previously shown to 
be made by peritoneal cells” and by a fibrosarcoma cell line“ 
must also be involved in marrow hemopoiesis. 

Production of CSFs by stromal cells is modulated by LPS 
and IL-1. We provide the first evidence that the production 
of hemopoietic growth factors by marrow stroma in vitro can 
be modulated by external factors; the production of both 
GM-CSF and G-CSF by GY30 cells can be greatly 
enhanced (70- to 200-fold) by LPS and the cytokine IL-1. 
Parallels can be drawn between the inducible production of 
CSFs by bone marrow stromal cells and the inducible 
expression of CSFs by T cells activated by either antigen or 
mitogens. In both stromal cells and T cells, the induction of 
factors is correlated with increased levels of the correspond- 
ing mRNAs. 

The action of LPS, which we document in vitro, suggests a 
role for this factor in regulating hemopoietic factor produc- 
tion in vivo. Under steady-state conditions, the bone marrow 
produces a constant number of various blood cells, but it is 
not clear what regulatory signals establish the balance 
between stem cell self-renewal and the maturation of progen- 
itor cells. Nevertheless, it is known that the number of 
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circulating neutrophilic granulocytes is increased in mice 
following the administration of bacterial products such as 
endotoxin. Under these conditions, there are also elevated 
serum levels of granulocyte-macrophage colony—stimulating 
activities as well as granulocytic hyperplasia of the bone 
marrow.” These prior studies suggest that the steady-state 
production of granulocytes and macrophages by bone mar- 
row can be upregulated in response to bacterial infections. 
Although it is unclear whether bone marrow is exposed to 
antigen during most bacterial infections, our results demon- 
strate that hemopoietic factor production by a bone marrow— 
derived cell can be augmented directly by the bacterial 
product, LPS. 

The regulatory effects of IL-1 on the stromal cell clone are 
also consistent with previous studies. In humans, an uniden- 
tified factor produced by mononuclear phagocytes was 
shown to stimulate the production of CSF activities by 
fibroblasts and vascular endothelial cells. Because IL-1 
production by macrophages and possibly other cell types is 
elicited by a wide variety of agents, the functional activation 
of stromal cells by IL-1 could be part of an important 
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protective mechanism against many types of infection. Fur- 
thermore, IL-1 or IL-1—like molecules may also function as 
normal regulatory signals within the marrow microenviron- 
ment. Pure stromal cell populations apparently secrete 
hemopoietic factors constitutively under standard in vitro 
culture conditions, but it is not known whether they do so in 
vivo. It is possible that within the bone marrow microenviron- 
ment, stromal cells require endogenous signals such as IL-1 
to carry out some of their normal hemopoietic regulatory 
activities. Thus, all levels of blood cell production might be 
determined by positive and negative regulation of stromal 
cell activities. 
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Oral Contraceptives and Gender Affect Protein S Status 


By L.M. Boerger, P.C. Morris, G.R. Thurnau, C.T. Esmon, and P.C. Comp 


Protein S is a plasma protein that serves as a cofactor for 
the anticoagulant effects of activated protein C. Congenital 
protein S deficiency is often associated with thromboem- 
bolic disease. During pregnancy a decrease in the func- 
tional and antigenic levels of protein S occurs; this change 
in protein S status may contribute to the thromboembolic 
complications that sometimes occur during pregnancy. In 
certain patients, oral contraceptive use has also been 
associated with thrombotic complications. In this study, 
protein S status was determined in 21 women taking oral 
contraceptives and compared with that of 21 women not 
taking oral contraceptives and that of 21 men. The results 
show that women taking oral contraceptives have signifi- 
cantly lower total protein S (24.3 + 3.6 ug/mL; mean + SD) 
than women not taking oral contraceptives (28.6 + 3.9 


ROTEIN S is a plasma protein that serves as a cofactor 
for the anticoagulant effects of activated protein C.' In 
this regard, two observations have been reported: (1) congen- 
ital protein S deficiency is associated with recurrent throm- 
boembolic disease’* and (2) a relative protein S deficiency 
occurs in women during pregnancy.’ During pregnancy, 
functional protein S levels are significantly lower (38% + 
17%; mean + SD) than those found in age-matched, non- 
pregnant women (97% + 32%; P < .001).* The reduced 
functional protein S levels are accompanied by a significant 
reduction in total protein S antigen to 68% + II% 
(P < .001). Based on these data, we postulated that these 
changes in protein S status are among the factors that 
predispose pregnant women to thromboembolic complica- 
tions. 

Since oral contraceptive (OC) use hormonally mimics 
pregnancy and has been associated with thrombotic compli- 
cations, we have evaluated OC users to determine whether 
significant changes in protein S status occur. Since sex 
hormonal differences could affect protein S levels, we have 
evaluated the protein S status of healthy males as well. 

In normal individuals approximately 40% of protein S is 
found free in plasma, and 60% is complexed to C4b-binding 
protein (C4b-BP), an inhibitor of the complement system.’ 
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ug/mL) (P < .005). Men had significantly higher protein S 
levels (30.9 + 3.9 g/mL, P < .01) than age-matched 
women not taking oral contraceptives. In plasma, an equi- 
librium exists between free (functionally active) protein S 
and protein S complexed to C4b-binding protein, which is 
functionally inactive. The mean levels of C4b-binding pro- 
tein were essentially the same among the three groups, but 
the levels of free protein S were significantly different and 
reflected different total protein S antigen levels. Addition- 
ally, we found that inflammation significantiy elevated 
C4b-binding protein levels and could result in a further 
significant decrease in free protein S levels. These data 
indicate that plasma protein S levels are significantly 
affected by hormonal status and inflammation. 

® 1987 by Grune & Stratton, Inc. 


The free protein S is functionally active, and the complexed 
form is inactive.*’ Because changes in the C4b-BP level may 
affect the distribution of protein S in plasma, C4b-BP levels 
along with free protein S and total protein S antigen levels 
were measured. 


MATERIALS AND METHODS 


immunologic assays. Total protein S antigen and free protein S 
assays were performed as previously described.** Purified protein S, 
prepared as previously described,’ was used to construct a standard 
curve. Crossed immunoelectrophoresis* was used to estimate the free 
protein S in the patients with acute infections. C4b-BP levels were 
determined by a radioimmunoassay involving the displacement of 
'51-C4b-BP from an immobilized monoclonal antibody directed 
against C4b-BP, which has been previously characterized.” To 
perform the assay, C4b-BP was purified as described’ and was 
radiolabeled with I by the iodogen method'': the '*I-C4b-BP had 
a specific activity of 8 wCi/ug. Monoclonal antibody (designated 
BP45) directed against C4b-BP was bound to Immunobeads (Bio- 
Rad Laboratories, Richmond, CA) according to the manufacturer’s 
directions; approximately 100 ug antibody was bound per milliliter 
of beads. A standard curve of C4b-BP ranging from 0.6 to 0.0375 
g/mL was prepared in 20 mmol/L Tris buffer, pH 7.4, containing 
150 mmol/L NaC] and 10 mg/mL serum bovine albumin (Sigma 
Chemical Co, St Louis). To initiate the assay, 50 gL of a 1:100 
dilution of patient plasma in Tris/saline/albumin buffer, 50 uL of 
the Tris/saline/albumin buffer containing 10,000 cpm of '*I- 
C4b-BP, and 50 uL of BP45 immunobeads suspended in 20 mmol/L 
Tris, pH 7.4, containing 150 mmol/L NaC} were pipetted sequen- 
tially into a 1.5-mL micro test tube (Bio-Rad Laboratories), mixed 
on a vortex mixer, and incubated at 25°C for two hours. The beads 
were then suspended in 1.2 mL 20 mmol/L Tris, pH 7.4, containing 
2 mol/L NaCl and vortexed, and the beads were removed from 
suspension by centrifugation ina Micrefuge B (Beckman Laborato- 
ries, Pala Alto, CA) for two minutes. Unbound antibody was 
removed by aspiration and the wash step repeated twice. After the 
final wash, bound '*I-C4b-BP was quantitated in a gamma counter 
(Nuclear Enterprises, Edinburgh). The C4b-BP content in patient 
samples was calculated from the standard curve. All samples were 
run in triphcate. The same-day variation was 8%, and the between- 
day variation was 11%. 

Patients. Twenty-one women with a mean age of 27 years 
(range between 17 and 49 years) who were taking a single OC 
formulation for more than 6 months were studied. The formulations 
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involved were as follows: | mg norethindrone plus 0.05 mg mestranol 
(seven women), | mg norethindrone plus 0.035 mg ethinyl estradiol 
(three women), 0.5 mg norethindrone plus 0.035 mg ethinyl estradiol 
(one woman), 1 mg ethynodiol diacetate plus 0.05 mg ethinyl 
estradiol (three women), | mg norethindrone plus 0.05 mg mestranol 
(one womanł, | mg norethindrone plus 0.035 mg ethinyl estradiol 
(four women), triphasic 0.05 to 0.125 mg levonorgestrel plus 0.03 to 
0.04 mg ethinyl estradiol (one woman), and | mg ethynodiol 
diacetate plis 0.1 mg mestranol (one woman). Twenty-one women 
not taking GC (mean age, 33.4 years; range, 22 to 64 years) and 21 
men (mean age, 33.8 years; range, 18 to 53 years) were also studied. 
None of the 63 participants had a personal or familial history of 
thromboembolic disease. 

In additian, the protein S status of six men and two women with 
severe infections were studied and the results compared with those of 
sex- and age-matched, healthy controls. Two of the patients had 
cellulitis, foar had bacterial pneumonia, and two had pyelonephritis. 
All patients had WBC counts of 13,500 or above. All study subjects 
gave informed consent. 

Statistical analysis. Levels of both protein S and C4b-BP in 
women taking OC were compared with those of men as well as those 
of women nat taking OC by means of Student’s t test. 


RESULTS 


Women taking OC had a mean tota! protein S level of 
24.3 + 3.6ug/mL (mean +SD) with a range of 20.0 ng/mL 
to 29.6 ug/mL. This is significantly lower than the 28.6 
ug/ml + 3.9 ug/mL (range, 21.0 ug/mL to 35.8 ug/mL) 
found in women not taking OC (P < .005). Men had signif- 
cantly higher levels of total protein S (30.9 ng/mL + 3.9 
g/mL; range, 23.7 ug/mL to 42.0 ug/mL) than did the 
women noi taking OC (P < .01). 

The C46-BP levels were not significantly different among 
the three groups examined: 244 ug/mL + 98 ng/mL (mean + 
| SD) for women not taking OC, 253 ug/mL + 95 ug/mL for 
men, and 233 ug/mL + 105 ug/mL for women taking OC. 

The observed differences in the total protein S antigen 
levels and the similar C4b-BP levels found in the three 
groups suggested that the free protein S levels might be 
significantly different. This was found to be the case. Women 
taking OC had 86% + 17% free protein S (mean + SD) 
compared with the free protein S in a normal pooled plasma 
control, which was significantly lower (P< .1) than the 
levels found in women not taking OC (90% + 20%). The free 
protein S levels were significantly higher (P < .005) in men 
at 109% + 20% compared with the levels found in women not 
taking OC. 

The thromboembolic complications of OC use are often 
associated with periods of physiological stress such as the 
postoperative period’? and during episodes of trauma and 
infection.” If C4b-BP levels were elevated during physiolog- 
ical stress.{ie, an acute-phase reactant), this could shift the 
protein S io the complexed form by the law of mass action. 
This shift in protein S could further compromise the already 
reduced levels of free protein S found in the OC users and 
might be a further predisposing factor to thrombosis. The 
eight patients with acute infection had a mean C4b-BP level 
of 370 ug/mL + 66 g/mL, which was significantly higher 
(P < .005) than the mean level of 240 pg/mL + 62 pg/mL 
found in eight age- and sex-matched controls. Five of the 
eight patients had reduced free protein S levels as estimated 
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by crossed immunoelectrophoresis and mildly reduced total 
protein S antigen (23.4 wg/mL v 27.8 ug/mL in controls, not 
significant). 


DISCUSSION 


The 18% decrease in total protein S associated with OC 
administration appears to be relatively small. However, since 
protein S is distributed in plasma in two forms (free protein 
and complexed with C4b-BP), such a decrease in total 
protein S may be calculated’ to result in a 24% decrease in 
the free protein S level. Based on this calculation, we believe 
that particular care should be taken in prescribing OC to 
women who have decreased protein S levels on a congenital 
basis and to women who have elevated levels of C4b-BP as a 
result of a chronic inflammatory process. In the former, the 
already low protein S levels might be decreased even further 
by a hormonal effect of OC administration. In the latter case, 
the elevation of C4b-BP level accompanying the inflamma- 
tory process would favor a shift in protein S to the complex- 
ed, inactive form. In this situation, a further reduction in 
total protein S antigen due to the hormonal changes second- 
ary to OC could result in an enhanced reduction tn free 
protein S. To determine the actual contribution of the protein 
S system to the thrombotic complications of OC use, pro- 
spective study will be required. 

The 54% increase of the C4b-BP level observed in patients 
with acute infections suggests that C4b-BP may be an acute 
phase reactant. This significant increase in C4b-BP levels 
would significantly affect the distribution of protem $ in 
plasma and would result in a 40% decrease in the free protein 
S level.’ Such a drop in the concentration of free protein S 
might predispose the patient to thrombosis, especially when 
other concomitant factors predisposing to thrombosis such as 
stasis or recent tissue trauma are present. 

Finally, the 8% increase in total protein S and the 21% 
increase in free protein found in men compared with women 
not taking OC suggests that different normal ranges for 
these parameters be considered for men and women. This 
may prove to be of particular value in the definition of the 
lower limit of the normal range where significant overlap 
between normal and congenitally protein S—deficient popula- 
tions may occur. 
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Modulation of Endothelial Cell Functions by Different Molecular 
Species of Interleukin 1 


By E. Dejana, F. Breviario, A. Erroi, F. Bussolino, L. Mussoni, M. Gramse, G. Pintucci, B. Casali, C.A. Dinarello, 
J. Van Damme, and A. Mantovani 


Different molecular species of interleukin 1 (IL 1} were 
examined for the spectrum of responses elicited in human 
endothelial cells (HEC), including synthesis of prostacyclin 
(PGI2), tissue-type procoagulant activity (PCA), platelet 
activating factor (PAF), and plasminogen activator inhibitor 
{PA-I). The IL 1 preparations utilized for the present study 
included a natural, partially purified IL 1, a preparation 
purified to homogeneity with extensive homology with the 
derived aminoacid IL 18 (p!7) sequence denominated "22K 
factor,” murine recombinant IL 1a, human recombinant IL 
la (plS) and 8 (pl7). Natural, partially purified IL 1, a 
mixture of a and ĝ species, induced the entire spectrum of 


OLUBLE products released by lymphocytes and macro- 
phages are potent regulators of various functions of 
vascular cells, such as proliferation, migration, production of 
colony stimulating factors, and expression of class H histo- 
compatibility (la) antigens.’® 

Specifically, the activated monocyte product interleukin | 
(IL 1) has been reported to induce multiple responses in 
human endothelial cells (HEC).’ Others and our group have 
recently shown that this monokine induces prostacyclin 
(PG12)*" and platelet activating factor (PAF)? synthesis in 
endothelial cells (EC) from human umbilical vein. Bevilac- 
qua et al? established that IL I stimulates expression of a 
tissue factor-like procoagulant activity (PCA); increase in 
plasminogen activator inhibitor (PA-1) production by HEC 
after IL 1 was also observed." 

iL 1 is a family of polypeptides, biochemically heteroge- 
neous but with some common biological properties.’* At least 
two dissimilar human gene products have been cloned with 
limited homology, denominated e(pl5) or 8(pI17). >T One 
murine IL | molecular species was also cloned and appeared 
to be closely related to the corresponding humana IL I form, 
with 62% matching and 93% conserved sequences.'*"” 

IL | has pleiotropic effects, its targets including immuno- 
competent cells, liver, central nervous system (CNS), syno- 
via, bone, and muscle.”” The multiplicity of the biological 
activities attributed to IL | and the heterogeneity of the 
components of the IL 1 family raise the question of whether 
distinct molecules have distinct biological roles. Attempts to 
relate different molecular species to the diverse effects of 
IL. 1 on a series of tissues and cellular targets have largely 
failed. Wood and co-workers were able to dissociate the 
effect of human IL la v IL 18 on the stimulation of PGE, 
production by porcine synoviocytes. However, intraspecies 
differences on the activities of the different molecules of IL | 
have not been described.’ Here we tested the activity of the 
series of IL 1 molecules so far available, including recombi- 
nant preparations, on HEC. We report that the different 
molecules elicit a largely but not completely overlapping 
spectrum of responses on these cells. 
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responses in HEC. Production of PA-i was elicited by ail 
forms of IL 1 tested. PGI2 and PCA were elicited by “22K 
factor” and by human recombinant IL 18 and a but not by 
murine recombinant IL 1a. PAF synthesis was stimulated 
by murine and human recombinant IL 1a but not by human 
recombinant IL 18 and 22K factor. Thus the available 
different molecular forms of IL 1 elicit largely but not 
completely overlapping patterns of responses in HEC. The 
IL 1 pathway of regulation of HEC functions might provide a 
basis for novel strategies in therapeutically oriented 
research on vessel wall disorders. 

è 1987 by Grune & Stratton, inc. 


MATERIALS AND METHODS 


IL | preparations. WL} preparations utthzed for the present 
study included: 

L A commercially available purified preparation obtained from 
Staphylococcus albus-stimulated human monocytes and purified by 
affinity chromatography employing immobilized rabbit antibodies 
and gel filtration (Ultrapure IL 1, Genzyme, Boston)”; we will refer 
to this material as human natural IL I (hall 1). 

2. A pure preparation from mitogen-stimulated human mononu- 
clear cells, purified to homogeneity; the N-terminal aminoacid 
sequence of this material, referred to as “22K factor,” has been 
described*’ and shows extensive homology with the derived amino- 
acid IL 19 sequence. 

3. Murine recombinant IL | (lot 14430-21} from the P388 D, cell 
line'® was a kind gift of Dr Lomedico (Roche Institute, New York), 
Since this clone shows extensive homology with the human IL | gene 
designated a,'"' we will refer to this material as murine recombi- 
nant IL le (mri ta). This preparation had a specific activity of 10° 
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U/ug as evaluated by the costimulatory assay on thymocytes, as 
described below, and contained 0.23 wg/U guanidine. 

4. Human recombinant IL I (pl7) expressed in Escherichia coli 
from aminoacid 71-269'° homologous to a subsequently isolated 
clone designated 9.'° We will refer to this as human recombinant 
IL 18 (hriL 13). The specific activity of this preparations was 2 x 
10° U/ng. 

5. Human recombinant IL la (p15)'° (hriL la) was kindly sup- 
plied by Dr Gillis (Immunex, Seattle). The specific activity was 10° 
U/ug. 

IL I preparations contained no detectable endotoxin as assessed 
by the negative Limulus assay on samples containing 100 U/mL of 
IL 1. IL | activity was evaluated in a costimulatory assay with 
C3H/HeJ thymocytes as responding cells and phytohemagglutinin 
(0.5 ug/mL) as stimulus.” A partially purified IL | preparation” 
was assigned a value of 1,000 U/mL and used as standard in each 
assay. 

Results from triplicate cultures were plotted on a linear regression 
against the standard preparation and expressed as half maximal 
U/mL. 

Cells. Human umbilical vein endothelial cells were isolated and 
cultured in medium 199 supplemented with 20% newborn calf serum 
as previously described in detail.” The cells were used at the first 
passage at confluence. After the growth medium was removed the 
cells (2.5 to 3.5 x 10° cells in a 4 cm? culture well) were washed once 
with | mL phosphate buffer saline (PBS) and incubated at 37 °C 
with 600 uL of culture medium in the presence or absence of 
increasing concentrations of the IL | preparations. The time of 
incubation required to obtain maximal stimulation for each activity 
was selected on the basis of earlier time-course experiment. UY 

Prostacyclin (PG12). PG12 production was evaluated in the cell 
supernatant after 24-hour incubation with IL 1. After this period the 
supernatants were removed from the culture wells, filtered, and 
stored at ~20°C until tested for 6-keto-PGI2, the stable PGI2 
metabolite. 6-keto-PGFla was measured by a radioimmunoassay 
(RIA) as previously described in detail. Analysis by thin layer 
chromatography and mass spectrometry? showed that these cells 
produce 6-keto-PGF la as the main arachidonic acid metabolite. 

Platelet activating factor (PAF). PAF was measured in the cell 
extract after six-hour incubation with IL 1 by biological assay after 
thin layer chromatography purification, as described previously in 
detail.'' The product was identified as PAF by its behavior in 
chromatographic systems, the recovery of biological activity, the 
physicochemical properties, and susceptibility to lipases.” 

Procoagulant activity (PCA). PCA was evaluated in the cell 
extract after four-hour incubation with IL | by a standard one-stage 
clotting assay (plasma recalcification) as described.” The standards 
for the coagulation assay were a 1:10 dilution of rabbit brain 
thromboplastin. Procoagulant activity in the cell extract was 
expressed in units of thromboplastin per milligram protein. The type 
of procoagulant activity was identified using human plasmas selec- 
tively deficient in factors H, VH, IX, or X (MERZ-DADE, Duding, 
Switzerland). Further characterization was performed by the use of 
known inhibitors of cell procoagulants, namely cysteine protease 
inhibitors HgCl, and iodoacetamide (Sigma Chemical, St. Louis). 

Plasminogen activator inhibitor {PA-I). PA-| activity was 
determined after 24-hour incubation as the capacity of the cell 
extract to inhibit plasminogen activator-induced plasmin generation 
in a spectrophotometric assay employing a chromogenic substrate 
for plasmin as described previously.” 


RESULTS 


All five IL 1 preparations had IL I activity as defined by 
their ability to stimulate the proliferation of thymocytes in 


DEJANA ET AL 


the presence of phytohemagglutinin (data not shown). The 
half maximal units of IL 1 for the various preparations were 
calculated relative to an IL 1 preparation utilized in one of 
the collaborating laboratories” (AE and AM). Subsequent 
comparisons were made on the basis of the concentrations of 
these agents, which were equally active in the mouse thymo- 
cyte costimulatory assay. It has to be mentioned that as 
evaluated from this test the specific activity of mrIL la was 
10° U/ag protein; of hrIL la, 10° U/ug; and of hriL 18, 2 x 
10° U/pg. Thus we had to use 500 times more hrIL 18 to 
obtain concentration equally active on the thymocyte costi- 
mulatory assay. We have previously reported" that hniL | 
increased PGI2 synthesis in vascular cells at concentrations 
ranging from | to 10 U/mL. These observations were now 
extended to homogenous natura! human IL 1 (“22K fac- 
tor”), hriL 16, and hrIL la (Fig 1). In contrast, mriL la at 
concentrations as high as 100 units/mL (corresponding to | 
ng/mL) did not elicit production of PGI2 in HEC, as shown 
by the experiment presented in Fig 1. 

A similar pattern was observed when PCA was examined 
(Fig 2). The homogeneous “22K factor,” hriL 18, and 
hriL læ stimulated synthesis of PCA as efficiently as 
hniL 1, whereas mriL læ was ineffective at concentrations 
as high as 100 U/mL. 

We have recently observed that hnIL 1 and mriL ta 
elicited PAF production in HEC." As shown in Fig 3, besides 
hnIL | and mriL ta, hriL la was also an effective inducer 
of cell-associated PAF in HEC, whereas the “22K factor” 
had no such activity up to 60 U/mL and hrIL 18 showed 
Statistically significant activity only at concentrations as 
high as 100 U/mL (corresponding to 500 ng/mL). HnIL 1, 
mriL la, and “22K factor” stimulated production of PA-1 in 
HEC in a comparable way (Fig 4). Since mrIL le failed to 
induce PG12 production and PCA in HEC (see above), it was 
important to assess whether this preparation contained inhib- 
itors of IL 1-elicited response. 

Therefore we incubated HEC for four hours at 37 °C with 
50 U/mL of mrIL la mixed with 5 U/mL of 22K factor and 
measured the PCA produced by these cells. When the cells 
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Fig 1. Effect of hnil 1, mril ta, brit la, “22K factor,” and 
hriL 18 on 6-keto-PGF 1a production by HEC. The numbers below 
the columns indicate the U/mL of the IL 1 forms, as calculated 
from the thymocyte costimulatory assay as described in the text. 
The black column reports the control mean value of 6-keto-PGFla 
produced in the absence of IL 1. The values are means +SEM of 
four separate experiments. in each experiment all the IL 1 molecu- 
lar species were tested on the same cell culture. *P < 0.01 v 
control values by Dunnett's test. 
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Fig 2. Effect of hniL 1, mril 1a, hril 1a, "22K factor,” and 
hriL 18 on HEC procoagulant activity. The numbers below the 
columns indicate the U/mL of the IL 1 forms, as calculated from 
the thymocyte costimulatory assay. The black column reports the 
contro] mean value of PCA produced in the absence of IL 1. The 
values are means +SEM of three separate experiments. In each 
experiment all the IL 1 molecular species were tested on the same 
cell culture. *P < 0.01 v control values by Dunnett’s test. 


were stimulated by the “22K factor” alone, the PCA 
produced was 22.8 + 3 U/10* cells; mrIL læ induced 1.4 + 
0.1 U/10* cells and the combination of the two agents 18.9 + 
3 U/10* cells (the values are means +SEM of four replicates, 
and the results were similar in one additional experiment). It 
is concluded that the mrIL læ preparation does not interfere 
with “22K factor” activity on PCA production. In addition, 
since mrIL la contained 0.23 yg of guanidine per unit, HEC 
were incubated with up to 12 g/mL guanidine alone or in 
combination with 10 U/mL of hnIL 1; no effects on HEC 
production of PGI2, PAF, PCA, or PA-I were observed. 


DISCUSSION 


The first aim of the present study was to assess whether 
the modulation of endothelial cell functions by IL 1, which 
was described by using crude or natural partially purified 
IL 1, was also effected by purified recombinant molecules. 
Human natural IL 1 elicited the entire spectrum of HEC 
responses examined in the present study, thus confirming 
previous observations.*'''? This preparation contains the 
different species, a (p15) and £ (p17), of IL 1.” In contrast, 
when recombinant IL 1 molecules (or natural material puri- 
fied to homogeneity in the case of “22K factor”) were 
examined, differential responses were elicited by the dif- 
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Fig 3. Effect of hnil 1, mriL ta, hril 1œ, 22K factor,” and 
hriL 18 on PAF production by HEC. The numbers below the 
columns Indicate the U/mL of the IL 1 forms as calculated from the 
thymocyte costimulatory assay. The black column reports the 
control mean value of PAF produced in the absence of IL 1. The 
values are means +SEM of four separate experiments. In each 
experiment all the IL 1 molecular species were tested on the same 
cell culture. *P < 0.05; **P < 0.01 v control values by Dunnett's 
test. 


697 





PA-Inhibltor (inhibitory units/fyg cell extract) 


0 1 10 
Medium hn IL-1 


01 1 10 1 100 
22K Factor hr IL-18 


0.1 1 10 
mr IL-l 


Fig 4. Effect of hniL 1, mriL 1a, “22K factor,” and hriL 18 on 
PA-+ production by HEC. The number below the columns indicate 
the U/mL of the IL 1 forms as calculated from the thymocyte 
costimulatory assay. The black column reports the control mean 
value of PA-i produced in the absence of IL 1. The values are 
means +SEM of three separate experiments. In each experiment 
all the IL 1 molecular species were tested on the same cell culture. 
*P < 0.05; °*P < 0.01 v control values by Dunnett's test. 


‘ferent molecular species examined. All the IL ls tested 


induced synthesis of PA-I in HEC. Murine recombinant 
IL læ stimulated the synthesis of PAF in HEC but was 
consistently inactive in inducing PGI2 and PCA. Murine 
recombinant IL læ is highly homologous to the human «æ 
species.'”'? However, in contrast to the murine æ species, 
human recombinant IL læ stimulated PCA and PGI2 syn- 
thesis (in the limited number of assays in which we could test 
this particular IL 1). 

We examined the effects on HEC of two preparations of 
IL 18, a natural purified material (“22K factor”) and a 
recombinant preparation. Both IL 18 preparations elicited 
the entire spectrum of HEC responses examined with the 
possible exception of PAF: induction of PAF was only 
observed with recombinant IL 18 at a concentration of 100 
U/mL, corresponding to 500 ng/mL. Under the same condi- 
tions murine recombinant IL læ induced PAF at 1 U/mL 
corresponding to 0.01 ng/mL as previously reported.'' Thus 
IL 18 seems to be 100 (on a U/mL basis) or 50,000 (on an 
ng/mL basis) times less effective than the æ species. 

The apparently different response of HEC toa and £ IL 1. 
species for PAF production is the first evidence of an 
intraspecies functional dissociation between these two IL 1 
forms in the same cell type. The observation that hnIL 1 
stimulates PAF synthesis excludes the possibility of a pecu- 
liar effect related to the recombinant nature of the two æ 
species. Conversely the lack of effect of the 6 forms of IL 1 
does not seem to be simply related to their lower activity on 
HEC, as demonstrated by their effectiveness on the other 
HEC functions tested. Thus the data presented here indicate 
that different molecular species of IL 1 elicit largely but not 
completely overlapping patterns of responses in HEC. 

The in vivo response to partially purified IL 1 assessed by 
fever, neutrophilia, changes in plasma divalent cations, or 
fibrinogen concentrations, differs in various animal spe- 
cies”; furthermore, biochemically distinct IL 1 prepara- 
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tions can be differently affected by these species-related 
restrictions. It has not been elucidated whether these differ- 
ences reflect the presence of target organ-specific inhibitors 
in the preparations, differences in the in vivo bioavailability, 
or different cell susceptibility. Through the analysis of the 
activities of four distinct preparations of human IL | sepa- 
rated by size or charge, Wood and co-workers™ observed no 
clear-cut differences among them, with the exception that 
the stimulation of PGE, production by pig synoviocytes was 
only induced by the PI 5.5, 15,000 Kd mol wt IL | prepara- 
tion. These authors considered the possibility of the presence 
of inhibitors in the inactive preparations. However, the slight 
inhibitory activity observed in some of the IL 1 preparations 
was not strong enough to completely account for their 
apparent inactivity. 

In this paper the peculiar spectrum of responses elicited by 
mriL la, in respect to the hriL la, might be related to the 
murine origin of this clone and suggests that slight differ- 
ences in the molecular structure may greatly affect func- 
tional properties. 


DEJANA ET AL 


In conclusion, the results presented here show that mole- 
cules with IL 1 activity have some selectivity in effects on 
HEC functions and emphasize the potential complexity of 
the fine regulation of leukocvte—vessel wall interactions. The 
HEC activities considered in this study, te, PGI, PCA, PAF 
and PA-I, might be important in the modulation of vascular 
tone and thrombus formation. In particular, PAF produced 
by IL l-stimulated HEC is mostly cell associated!’ and 
appears to be appropriately located to interact with adjacent 
leukocytes and eventually platelets and to promote their 
activation. The IL | pathway of regulation of these HEC 
functions could thus provide a basis for novel strategies in 
therapeutically oriented research on vessel wall disorders. 
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G6PD IN PLASMODIUM-INFECTED ERYTHROCYTES 


To the Editor: 


Roth et al’ have recently studied the reduction of oxidized 
glutathione (GSSG) in lysates prepared from normal and glucose- 
6-phosphate dehydrogenase (G6PD)-deficient human erythrocytes 
infected with Plasmodium falciparum. They found that the rates of 
GSSG reduction in infected G6PD-deficient lysates were elevated 
slightly, in comparison with uninfected cells, but were still substan- 
tially lower than rates in normai cells. They therefore concluded that 
the parasite-derived G6PD could not be considered a substitute for 
the normal host enzyme activity in alleviating the vulnerability (of 
host and parasite) to oxidant stress. 

This interpretation is not, however, supported by the data, since it 
is based on the implicit assumption that the in vivo rate of GSSG 
reduction is related directly to the G6PD activity. In fact, the rate of 
GSSG reduction in normal! intact cells is nearly linearly dependent 
on the activity of hexokinase’; G6PD activity is therefore present in 
considerable excess with a control coefficient estimated to be 0.006, 
compared to a value of 0.995 for hexokinase.’ Consequently, the 
rates of GSSG reduction measured by Roth et al! (in diluted lysates 
supplied with NADP* and not glucose but glucose 6-phosphate 
(G6P) at concentrations sufficient to saturate G6PD) are not an 
indication of the cells’ ability to withstand oxidative stress, but 
rather are analogous to a coupled enzymic assay for measuring 
G6PD activity. The effect of bypassing the physiologically rate- 
limiting hexokinase reaction is demonstrated by comparison of the 
normal rate of production of reduced glutathione (GSH) found in 
intact cells (22 umol/h/g Hb’) with the value of 785 umol/h/g Hb 
found by Roth et al, in diluted lysates. 

Comparison of the GSSG reduction rate measured in freeze-thaw 
lysates (supplied with G6P and NADP‘) of normal and G6PD- 
deficient cells is therefore misleading, since the rate determined in 


normal cells is not attained in vivo with the natural substrate, 
glucose. Sonicate-lysates (supplemented with niacinamide and 
NADP” and supplied with glucose) would be a better system for 
studying comparative rates, since these preparations show rates of 
GSH production identical to those in intact cell suspensions.’ Even 
these comparisons would have te be treated with caution, however, 
since hemolysis abolishes any heterogeneous distribution of G6PD 
activity which may be present in suspensions of intact cells. 

Indeed, it is possible that sonicate-lysates of infected G6PD 
Mediterranean cells (supplied with ghicose) would show rates of 
GSH production not much lower than uninfected normal lysates, 
since the infected G6PD-deficient lysates’ had GSH production 
rates (29 to 83 wmol/h/g Hb), with GGP as substrate, that were 
higher than normal cells’ supplied with glucose as substrate (22 
umol/h/g Hb). If this were the case, however, it would not be 
sufficient evidence to conclude that the parasite enzyme alleviated 
the vulnerability of host and parasite to oxidant stress, since physical 
separation of G6PD (presumably located within the parasite) from 
GSSG in the erythrocyte cytosol may prevent this. The homogeniza- 
tion caused by hemolysis should therefore be avoided when investi- 
gating whether the parasite enzyme can replace the deficient host 
enzyme in protecting against oxidative stress; the only unequivocal 
way to approach this problem is therefore to determine the extent of 
GSH regeneration in intact paras:tized G6PD-deficient cells, follow- 
ing oxidation of GSH with, for example, t-butyl hydroperoxide (as in 
ref 2), 
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Australia 


REFERENCES 


l. Roth EF, Schulman S, Vanderberg J, Olson J: Pathways for 
the reduction of oxidized glutathione in the Plasmodium falcipa- 
rum-infected erythrocyte: Can parasite enzymes replace host red 
cell glucose-6-phosphate dehydrogenase? Blood 67:827, 1986 

2. Thorburn DR, Kuchel PW: Regulation of the human-erythro- 


To the Editor: 


Thorburn and Kuchel have correctly pointed out some limitations 
in our recent studies on P. falciparum-—infected normal and G6PD 
deficient red cell lysates.’ However, we find that their interpretation 
of the data does not change our conclusion concerning the poor 
capacity of the infected G6PD-deficient red cell to resist oxidative 
stress. They also have likely overestimated the ability of their 
computer model,’ based entirely on the study of normal uninfected 
red cells, to deal with the complexities of G6PD deficiency or 
malaria-infected red cells, especially simultaneously. 

It has been known for some time that G6PD and pentose shunt 
activities in normal, unstressed red cells are well below maximal 
levels, which can be obtained in vitro by adjusting a number of 
variables in intact red cells as well as in lysates.’ The writers are 
correct in asserting that our assay of pentose shunt activity overesti- 
mates the in vivo rate-~particularly in unstressed, uninfected red 
cells. We deliberately framed our study to operate at near-maximal 
G6PD activity so that at least the upper possible limit of a response 
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cyte hexose-monophosphate shunt under conditions of oxidative 
stress: A study using NMR spectroscopy, a kinetic isotope effect, a 
reconstituted system and computer simulation. Eur J Biochem 
150:371, 1985 


to an oxidative stress could be estimated. We reasoned that if even 
these maximal activities were not adequate for dealing with oxida- 
tive stress, then it would be unlikely that intact cells with lower 
G6PD activity could perform differentiy. Thorburn and Kuchel do 
concede that perhaps G6PD Meciterranean red cells when infected 
can reduce as much oxidized glutathione (GSSG) as normal, 
uninfected and unstressed red cels. However, when normal red cells 
are stressed, they can augment pentose shunt activity at least ten- to 
fifteenfold.* Merely bringing pentose shunt activity up to the normal, 
unstressed resting level is not likely to be sufficient for dealing with 
oxidative stress. Thus, we see no essential conflict between our 
interpretation of the data and that of Thorburn and Kuchel. 

The problem of performing studies on intact cells v lysates (or 
homogenate/sonicates) is not new in biochemistry. The relatively 
new possibility of using nuclear magnetic resonance (NMR) for 
intact cell studies represents an advance in this field and certainly 
deserves exploration. However, unequivocal results are not likely to 
be forthcoming, because it will be difficult to tell which compart- 
ment is yielding a signal for glutathione or other metabolites. 
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CORRESPONDENCE 


Furthermore, if the molecular exchange among the compartments is 
rapid compared with the NMR relaxation times being measured, 
then an average signal from all compartments may be seen and 
nothing more. This would not be very different from extracting all 
the metabolite of interest from a homogenate/lysate of all compart- 
ments and measuring it by a more classical technique. The problem 
of compartmentalization in parasitized red cells alluded to by 
Thorburn and Kuchel is indeed a difficult one which deserves 
consideration. How many compartments are there? Should we 
consider the red cell membrane, red cell cytoplasm, parasitophorous 
vacuole membrane, the parasitophorous vacuole itself, parasite 
membrane, parasite cytoplasm, parasite nucleus, and the parasite 
food vacuole each as separate compartments? Are the Maurer’s 
clefts yet another compartment? Can NMR compartments be 
distinct from anatomical ones? Such considerations seem to con- 
found bold assertions that there is an “unequivocal way” to approach 
these problems. Nevertheless, we have also performed intact cell 
experiments using acetylphenylhydrazine (APH) as the oxidant 
stress.” We observed enhanced reduced glutathione stability when 
infected red cells were challenged with APH and compared to 
uninfected normal red cells challenged in the same way. When 
glucose was omitted from the incubation medium, reduced gluta- 
thione disappeared more rapidly from infected cells than from 
uninfected ones. This finding suggests that metabolic communica- 
tion between the parasite and red cell cytoplasm does occur. The use 
of t-butylhydroperoxide does produce a rapid loss of reduced gluta- 
thione, but also kills the parasites (Roth et al, unpublished observa- 
tion). Thus, in an NMR experiment as suggested by Thorburn and 
Kuchel, using this reagent, one would be detecting signals from the 
red cell cytoplasm and a compartment containing the cadaver of a 
malaria parasite. While this experiment might be interesting, it 
would hardly be unequivocal. (APH also kills parasites, but more 
slowly.) 

We come next to the computer model of Thorburn and Kuchel 
which states that hexokinase activity alone controls the activity of 
the pentose shunt. This model, derived from studies of the red cells of 
a single normal individual, did not include data from red cells in 
which G6PD activity approaches zero; nor does it consider an 
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infected red cell containing a separate parasite hexokinase’ (whose 
kinetic characteristics are unknown) as well as a completely 
different pathway (based on parasite-derived glutamate dehydro- 
genase) for the generation of NADPH (and hence GSSG reduction), 
which is totally independent of hexokinase. In such a complex 
system, it is unlikely that a linear relationship between human host 
cell hexokinase activity and GSSG reduction will apply. The concept 
that the G6PD-dependent pathway of GSSG reduction ts much 
smaller than indicated by studies of dilute lysates also emphasizes 
the possible importance of the glutamate dehydrogenase pathway 
which, although small in infected lysates, could account for as much 
as 50% of the total GSSG reducing capacity in vivo. 

Finally, we note the work of Morelli et al’ which Thorburn and 
Kuchel cite in their paper? in support of their interpretation of the 
pivotal role of hexokinase in controlling the pentose shunt. Morelli et 
al state: “... in G6PD deficient erythrocytes, unlike in the normal 
cells, hexokinase no longer plays any rate-limiting role on the glucose 
utilization through the HMS [hexose monophosphate shunt] which 
is rather controlled by the low levels of G6PD activity.” We are 
unable to explain why Thorburn and Kuchel cite this reference when 
it supports their conclusions, but ignore it when it does not. 

In summary, we believe that there is no serious conflict in the 
interpretation of our data, which are a first attempt at characterizing 
a difficult problem. We thank Thorburn and Kuchel for pointing out 
limitations and other interpretations of our experiments as well as 
for suggesting interesting further experiments both with lysates and 
intact cells. The suggested experiments have much merit although 
by themselves, they are unlikely to lead to an “unequivocal” 
interpretation in such a complex system as the parasitized human 


erythrocyte. 
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MIXED CHIMERISM AND RESTRICTION FRAGMENT LENGTH POLYMORPHISM 


To the Editor: 


Blazar and coauthors! describe the use of restriction fragment 
length polymorphisms (RFLP) of DNA fragments for the investiga- 
tion of chimerism and origin of leukemic relapse following allogeneic 
bone marrow transplantation (BMT). Analysis of RFLP provides 
more complete information about chimerism than cytogenetics, 
because all nucleated cells are evaluated whether proliferating or 


not. Unlike red cell typing, analysis of RFLP allows more insight 
into chimerism and is independent of transfusions. In our opinion the 
most important questions are (1) the origin of leukemic relapse from 
host or donor cells, and (2) the significance of mixed chimerism as a 
prognostic factor of impending relapse. 

However, the data of analysis given by the authors are weak. For 
example, in patient No. 10, analysis of the recipient's normal and 
leukemic hemopoiesis was not performed prior to BMT. The conclu- 
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sion of leukemic relapse in host type cells rests entirely on the 
occurrence of a single new band during relapse (ref 1, Fig 2). 

Fig 3 and the respective legend? are confusing: the bands of lanes 3 
and 5 are different, but the samples (MNC) are taken from the same 
day, ie, day 15 after BMT. 

Demonstration of mixed chimerism depends on the sensitivity of 
the RFLP technique, but the sensitivity was tested only for probe 
pDP 34. The sensitivity may vary with the amount of material 
available. We have used isoenzymes for studying chimerism and 
could detect 1% to 2% of 10° cells plotted. 

In an informative case we could demonstrate leukemic relapse of 
host type restricted to granulopoiesis together with a minority of 
mature granulocytes of host type.” In this patient previous analvses 
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had revealed complete chimerism. In another case we found mixed 
chimerism persisting for more than a year without leukemic relapse. 
Therefore, we believe that mixed chimerism after BMT is not 
necessarily a sign of poor prognosis, nor is complete chimerism a sign 
of good prognosis regarding leukemic relapse. In support of this 
hypothesis further data need to be collected. 


J. MITTERMULLER 
H.J. KOLB 
Medizinische Klinik ITI 
Klinikum Grosshadern 
University of Munich 
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To the Editor: 


We agree with Drs Mittermilller and Kolb that two of the more 
important questions relating to leukemia relapse are the donor or 
host origin of the leukemia relapse and the significance of mixed 
chimerism in predicting relapse in patients with underlying malig- 
nancies. Therefore, we have been prospectively performing DNA 
analysis on allogeneic transplantation patients in our institution 
since June 1984. We have now studied 95 donor-recipient pairs 
pretransplant and have data available on 65 of these patients 
posttransplant. DNA analysis has permitted us to document defini- 
tively the donor or host origin of patients who have experienced 
leukemia relapse or posttransplant lymphomas' and the degree of 
engraftment of patients who are at higher risk for potential graft 
failure,’ as well as to analyze the kinetics of lineage-specific 
engraftment. The purpose of our report‘ was to demonstrate the 
comparative utility of this technique as opposed to speculating on the 
questions addressed by Drs Mittermiller and Kolb. 

Since we are now screening all allogeneic donor and recipient 
pairs pretransplant for donor-specific and host-specific polymor- 
phisms, we have been able to demonstrate conclusively the donor or 
host origin of patients undergoing leukemia relapse. This will 
eliminate the type of retrospective analysis which was conducted in 
our first series of experiments (ref 4, Fig 2). 

As a means of determining graft stability, we have used the prior 
samples as internal controls for the quantitation of the most recently 
obtained specimen whenever possible. In Fig 3,‘ lanes 3 and 5 were 
generated from the same DNA sample obtained 15 days posttrans- 
plant. Lanes | through 3 were generated from the same autoradio- 


differentiation of leukemic blasts and effect of low-dose Ara-C in a 
marrow grafted patient with leukaemic relapse. Br J Haematol 
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gram, while lanes 4 through 7 were generated from a second 
autoradiogram. The densitometric scannings of the original autora- 
diograms were remarkably similar, although, as described,’ there 
can be many factors contributing to differences in the accuracy of 
the final autoradiographic analysis. 

The sensitivity of DNA analysis has been consistently reported to 
be 1% to 5%, regardless of the probe utilized. In our study, we used 
the probe pDP 34 to determine the sensitivity of this technique. 
However, similar results have been obtained by two other groups of 
investigators: one group’ used a probe that hybridized to a portion of 
the immunoglobulin gene; the other group’ used probe D14S1. Each 
of the groups has reported sensitivity of 1% to 5%. In addition, we 
have compared enzymatic analysis to DNA analysis for patients who 
have inherited metabolic disorders. In contrast to DNA typing, 
enzyme typing was more likely to be influenced by post-BMT 
variables affecting their expression.’ 

We have also observed several patients with persisting Philadel- 
phia chromosome—positive cells who have remained in clinical 
remission. We concur that mixed chimerism after transplant is not 
necessarily a sign of poor prognosis but rather indicates that 
incomplete myeloablation of either normal cell populations or malig- 
nant clones probably has occurred. We anticipate that the data 
generated by these types of studies will provide useful information as 
to the frequency of this occurrence. 


BRUCE BLAZAR 
Department of Pediatrics 
University of Minnesota, Minneapolis 
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LACK OF EFFECT OF HEPARIN ON FACTOR Xia 


To the Editor: 


A report by Beeler et al in the May 1986 issue of Blood' claims to 
provide evidence that “plasma concentrations of antithrombin III 
completely saturated with heparin would become the dominant 
factor in the inhibition of factor XIa.” This statement appears to 
differ from our summary also published in Blood? in October 1982 
that “heparin, at concentrations used in clinical practice, does not 
accelerate the inactivation of human factor XIa by antithrombin 
ITI.” Therefore, we decided to analyze the possible source of the 
differences in the two reports. 

First, it is important to consider the concentrations of heparin 
used in both studies. The experiment of Beeler et al, in a purified 
system, used a single concentration of heparin, 5.88 x 10-° mol/L, 
which, based on their specific activity of 350 USP U/mg and a mol 
wt of 27,000 daltons, yields a concentration of 14.4 USP U/mL. This 
“saturating” concentration is 40-fold higher than the average phar- 
macologic concentration of 0.35 USP U/mL found during clinical 
anticoagulation and fivefold higher than that employed in cardiopul- 
monary bypass. In our study, we used a range of concentrations from 
I to 30 U/mL in a purified system using both amidolytic and 
coagulant assays (not esterolytic as stated by Beeler et al}. We found 
no difference in the rate of inactivation of factor XIa by antithrom- 
bin II at 1 U/mL heparin in the purified systems. Unlike Beeler et 
al, we extended our study into plasma systems and were able to 
confirm the lack of effect of 1 U/mL heparin on the rate of 
inactivation of factor XIa. 

Second, we also examined the suprapharmacologic concentration 
of heparin used in the study of Beeler et al. We documented a 
maximal 4-fold increase in the rate of inactivation. In our study, at 
23 °C, which assumed the plasma ATIII concentration to be 4.7 
pmol/L, the inactivation rate constant without heparin was 5.4 x 
10? mol/L~'min™' and 2.7 x 10 mol/L"'min™ at 30 U/mL 
heparin. When these experiments were performed at 37 °C (unpub- 
lished results) using the plasma antithrombin concentration reported 
by Beeler et al of 2.5 mol/L for plasma concentration, the second 
order rate constants were 3.1 x 10% mol/L~‘min™' without heparin 
and 1.51 x 10° mol/L~'min~' with 30 U/mL heparin. Therefore, 
our data in the presence of heparin is in good agreement with that of 
Beeler et al, whose calculated second order rate constant is 1.59 x 
10° mol/L~'min~!. However their second order rate constant in the 
absence of heparin of 4.7 x 10° mol/L~'min™! is only 15% of our 
value, explaining the apparent 40-fold increase. 

Several problems in their experimental procedures may explain 
their lower value. No controls are presented in their paper for the loss 
of activity with factor XIa alone, or factor XIa with heparin. Indeed 
the loss of activity in the absence of heparin is stated to be 
approximately 50% of the rate constant making its accuracy suspect. 


Furthermore, contact proteins demonstrate biphasic loss of activity 
upon contact with plastic’ making a single time-point correction 
factor in error. In the experiments performed by Beeler et al, single 
reactions for each point were used which may lead to greater error in 
calculations of the actual concentrations of initial activity. When 
first order kinetics are performed by subsampling from a single 
reaction vessel, as in our study, one can extrapolate to time zero in 
order to determine the actual initial concentration of enzyme in the 
reaction mixture. Moreover, pseudo-first-order reaction rate con- 
stants are not accurately determined unless the reaction has under- 
gone at least one half-life, which was not shown in the paper of 
Beeler et al. Further, our values for the inactivation rate of factor 
XIa by antithrombin III without heparin in purified systems‘ agree 
closely with those observed in plasma. Thus, it appears that the 
differences observed by Beeler et al stem from an underestimation of 
the inactivation rate in the absence of heparin. 

Our experiments in both purified and plasma systems at pharma- 
cological concentrations of heparin lead us to reassert our conclusion 
that alpha,-antitrypsin, not antithrombin III, is the major inhibitor 
of factor XIa in plasma. Our previous study, in collaboration with Dr 
Rosenberg,” indicates that heparin had minimal effect in accelerat- 
ing the inactivation of plasma kallikrein by antithrombin III in 
purified systems and no effect in plasma. A recent study in Blood 
from our laboratory‘ indicates that heparin had little effect on factor 
XIIa in purified systems and in plasma. Finally, in a recent study 
presented at the American Society of Hematology in December 
1986 in collaboration with Dr Peter Harpel, we showed evidence for 
activation of the contact system during clinical cardiopulmonary 
bypass in the presence of 5 U/mL heparin. Thus, we find that 
heparin and antithrombin IH, although critically important for 
thrombin, factor Xa, and possibly factor [Xa, play little role in the 
regulation of the contact system of blood coagulation. 

McNeely and Griffith’ demonstrated that in the presence or 
absence of 0.5 U/mL of heparin, the amounts of radiolabeled factor 
IX cleaved in plasma after exposure to glass (contact activation), 
phospholipid, and calcium were identical. They conclude, in agree- 
ment with us, that heparin has no significant effect on the reaction 
rate between antithrombin III and the enzymes preceeding factor IX 
in the intrinsic pathway. 


ROBERT W. COLMAN 

CHERYL F. SCOTT 

Thrombosis Research Center and 
Department of Medicine 

Temple University School of Medicine 
Philadelphia, PA 19140 
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To the Editor: 


Colman and Scott have provided a detailed critique of our studies. 
We have previously pointed out numerous experimental problems in 
their recent investigations of the kinetics of factor Xla—antithrom- 
bin-heparin interactions and do not find it necessary to repeat them 
here.' In any case, one of our pictures is more compelling than 
repeating a myraid of arcane kinetic arguments. Western biot 
analyses of our reaction mixtures graphically show the generation of 
large amounts of factor XJa~antithrombin complex in the presence 
of optimal levels of heparin but no visible interaction product in the 
absence of the mucopolysaccharide (Figure 2'). Unpublished data 
indicate that the factor XIa—antithrombin complex generated in the 
absence of heparin would have been detected if it were present at as 
little as 2.5% to 5.0% of the final concentration of factor XIa- 
antithrombin interaction product formed in the presence of muco- 
polysaccharide. Thus, heparin must be augmenting the antithrom- 
bin-dependent neutralization of factor XIa by 20- to 40-fold. We 
cannot even claim any great originality for this particular result 
since Kurachi and Davie* reported a similar finding employing 
SDS-PAGE and have reached similar conclusions about the magni- 
tude of the mucopolysaccharide-induced augmentation of factor 
XIa—antithrombin interactions. Based upon the available evidence, 
we believe that our estimate of the acceleration of factor XIa- 
antithrombin interactions by heparin (40-fold) is more likely to be 
correct than that of Scott and Colman (two- to fourfold). Indeed, the 
origina! studies of this phenomenon conducted by us more than a 
decade ago’ appear to be valid. 

The effects of heparin therapy on factor Xla~antithrombin inter- 
actions were not considered within our publication.' However, we did 
suggest that antithrombin fully complexed with the endogenous 
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anticoagulantly active heparan sulfate of the endothelium could 
represent a critical biologic mechanism for neutralizing factor XIa 
within the circulation. We believe this to be the case because of the 
dramatic acceleration of factor XIa inhibition by antithrombin in 
the presence of saturating levels of mucopolysaccharide; the unusu- 
ally strong dependence of the velocity of factor XIa neutralization on 
selective concentration of antithrombin by mucopolysaccharide on 
the surface of endothelial cells [see rate equation for factor XIa 
neutralization'], and the known relatively slow actions of other 
protease inhibitors within the blood. This scenario might be quite 
different during neparin therapy when only a small fraction of 
antithrombin is complexed by the anticoagulant and when the 
protease inhibitor might not be concentrated within a small region of 
the vascular tree. We hope that our results lead other investigators to 
examine the intriguing possibility that the endogenous heparan 
sulfate—antithrombin system is critically involved in regulating the 
in vivo activity of the contact phase of the coagulation mechanism 
rather than generate endless disputes over the exact extent of 
inhibition of factor XIa by antithrombin in the presence of heparin. 


D.L. BEELER 

Massachusetts Institute of Technology 

J.A. MARCUM 

Massachusetts Institute of Technology 
Harvard Medical School 

S. SCHIFFMAN 

Departments of Medicine and Biochemistry 
University of Southern California Medical School 
R.D. ROSENBERG 

Massachusetts Institute of Technology 
Harvard Medical School 
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DISCRIMINANT ANALYSIS FOR PROBABILITY OF HEMOPHILIA A CARRIERSHIP 


To the Editor: 


Green et al' recently reported a multilaboratory study on hemo- 
philia A carrier testing. They concluded that a linear discriminant 
function of Factor VIII coagulant activity (F.VIII:C) and von 
Willebrand factor antigen (VWF:Ag) adjusted for age and ABO 
blood type provided the best discrimination and that the ratio 
F.VIII:-C/VWF:Ag gave poor results. Our experience has been 
different. Using a similar analysis, we find the ratio method to be 
just as accurate and much easier for clinical use. 

We have used both a bivariate linear discriminant function, 
prepared as described by Elston et al,’ and a univariate discrimina- 
tor, the natural logarithm of the ratio F.VII:C/VWF:Ag, as 
described elsewhere.’ The ratio has several advantages. The well- 
documented’ effects of age on F.VIII:C and VWF:Ag are approxi- 
mately equal, and the ratio shows no significant regression on age in 


groups of 49 carriers, 81 normal women, and 100 blood donors 
{unpublished observation). Also, no significant difference in 
F.VII:C/VWF:Ag between Type O and non-O women was 
reported by McCallum et al.° This was confirmed in our blood donor 
sample. Therefore, neither age nor ABO blood type need be intro- 
duced into the discriminant if the F. VIII:C/VWF:Ag ratio is used. 
Green et al' apparently used age-adjusted levels in calculating their 
ratios. 

Table 1 shows our experience with discriminant analysis using the 
ratio method. Carrier and normal subjects are divided into those 
used in calculating the discriminant (Group J) and those tested later 


_ (Group II). The discrimination is slightly better than that reported 


by Green et al,' although our sample size is considerably smaller. We 
found fewer misclassifications with the ratio (6.9%) than with the 
bivariate discriminant produced from the same data (9.2%, data not 
shown). Average odds favoring carriership were 30:1 in the carriers 
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Table 1. Use of the Ratio of F.VUl:C/VWF:Ag 
for Carrier Detection 


Misciassifications 
No. % 

Carriers 

Group | 3/23 13.0 

Group Hf 3/26 11.5 

total carriers 6/49 12.2 
Normals 

Group | 2/38 5.3 

Group Il 1/43 2.3 

total normals 3/81 3.7 
All subjects 9/130 6.9 


and 1:5.9 in the normals; however, we question the accuracy of this 
method for comparing the discrimindnts. We too have noted unusual 
results at the extreme ends of the distributions with both bivariate 
and univariate discriminants. In particular, subjects with very high 
F.VIII:C/VWF:Ag may fall in the upper tail of the noncarrier 
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distribution, where f, and f, are both very small numbers, occasion- 
ally producing falsely high likelihood ratios. This appears to happen 
more often with the ratio method. In using the discriminants 
clinically, these aberrant results are easily recognized. In the data of 
Green et al,' the average odds and misclassification rates for normals 
using ratios might be lower if such results were removed or 
modified. 

Use of a ratio of F.VHI:C/VWF:Ag to assess probability of 
carriership is both conceptually and computationally simpler. It 
produces a low level of misclassification and by avoiding some of the 
statistical complexity could allow more laboratories to establish their 
own discriminants. It would be interesting to see whether unadjusted 
ratios could be used to produce a simple “universal” discriminant. 


CONNIE H. MILLER 

LOUIS M. ALEDORT 

Division of Hematology 
Department of Medicine 

Mount Sinai School of Medicine 
Fifth Avenue and 100th Street 
New York, New York 10029 
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To tke Editor: 


Miller and Aledort suggest that the greater accuracy, in our 
sample of 336 carriers and 137 normal women,’ of a universal linear 
discriminant in comparison to a universal ratio discriminant may be 
due to the presence of a few individuals with falsely high likelihood 
ratios. That such is not the case is evident from scatterplots of the 
odds for carriership for the two discriminants (Figures 1C and 1D'). 
In these plots, subjects who are assigned higher odds for carriership 
by the linear discriminant appear as points below the diagonal line, 
and vice versa; it is then clear that the linear discriminant assigns 
higher odds to carriers, and lower odds to normals, than does the 
ratio, for a substantial majority of subjects. Similar results were seen 
when nonadjusted ratios were used (data not shown). Odds greater 
than 100:1 were trimmed to 100:1 in these plots, as well as in 
computing the average odds for carriership (Table 5'). 

We feel that this graphic method for comparing the two discrimi- 
nants is superior to the misclassification rate used by Miller and 
Aledort, since the genetic counselor is interested in the odds rather 
than a classification per se, and since the misclassification rate may 
be unduly influenced by the behavior of the discriminant for 
individuals having odds near 1:1 (for whom the discriminant is of 
little use). In any case, in our study the linear discriminant also had 
the lower misclassification rate (Table 5'). Miller and Aledort used a 
linear discriminant prepared as described by Elston et al,? which 
does not include a correction for ABO blood type. This correction 
should be included, since it improves discrimination for some 
subjects.’ 


Implications for carrier detection and prevalence. Am J Med Gen 
24:83, 1986 

4. Graham JB, Rizza CR, Chediak J, Mannucci PM, Briet E, 
Ljung R, Kasper CK, Essien EM, Green PP: Carrier detection in 
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The method outlined in the appendix to our paper reduces 
calculation of the odds for carriership to a few simple arithmetic 
manipulations of the data, which can easily be programmed on a 
programmable hand calculator. No statistical software is required. 
Ease of use is thus essentially the same for the two discriminants, and 
should have no bearing on a laboratory’s choice between them. We 
know of at least two laboratories not participating in the original 
study that have implemented our method, with satisfactory results. 


PHILIP GREEN 
Collaborative Research, Inc 
2 Oak Park 

Bedford, MA 01730 

JOHN B. GRAHAM 
Department of Pathology 
UNC School of Medicine 
Chapel Hill, NC 27514 
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GRANULATION IN ALL BLASTS 


To the Editor: 


I read with interest the detailed report of Fradera and colleagues! 
that discussed the diagnostic confusion caused by the presence of 
variably sized azurophilic granules in the cytoplasm of blasts of 
acute lymphoblastic leukemia (ALL) and described the cytochemi- 
cal and ultrastructural characteristics of these inclusions. Contrary 
to the authors’ impression, the occurrence of such granules in ALL is 
neither uncommon nor unreported.** Moreover, several ultrastruc- 
turally different organelles can produce inclusions mimicking the 
azurophilic granules of early myeloid cells at the light microscopic 
level, and different granules have different cytochemical properties. 
Anomalous azurophilic granules occurring in blasts and immature 
cells of lymphoid leukemias can be roughly divided as follows: 

Crystalline: Elongated crystals that can either represent immuno- 
protein, usually in an envelope of rough endoplasmic reticulum, or 
nonimmunoglobulin structures with a regular periodicity (often 55 
A), have been reported in chronic lymphocytic leukemia’ and 
prolymphocytic leukemia. The inclusions containing ribosomal 
material are pyroninophilic, whereas other crystalline inclusions 
contain acid hydrolases and phosphatases suggesting lysosomal 
origin. Crystals rich in immunoglobulin often may fail to react with 
Romanowsky stains, producing a clear, rectangular to rhomboidal 
space in the cytoplasm of the blast or immature lymphoid cell.’* 

Ribosomal Variants: Malignant lymphoid cells of both chronic’ 
and acute!’ lymphocytic leukemias have been reported to contain 
variably sized azurophilic inclusions that ultrastructurally resemble 
the lamellar—ribosomal complex of the hairy cell. Anday’ further 


reports that granules resembling the lamellar—ribosomal complex 
possess pyroninophilia abolished by ribonuclease pretreatment. 

Lysosomal] /mitochondria!l: Several authors describe azurophilic 
granules in blasts of lymphoid origin that have been proven by 
electron microscopy (EM) to originate from lysosomes, mitochon- 
dria, or combinations of both organelles." The cytochemical 
reactions of such granules vary, but most often they are similar to 
those seen in the cells of the patient of Fradera and colleagues,’ 
containing nonspecific acetate or butyrate esterase—usually fiuo- 
ride resistant—acid phosphatase, and glucuronidase. Many also 
react to period acid-Schiff (PAS).*"' Rarely, granules of this sort 
contain lipid and react to Sudan Black B, creating major diagnostic 
confusion." They do not react with granulocytic specific lysosomal 
stains such as myeloperoxidase and ASD chloroacetate esterase. 

The appearance of such anomalous azurophilic granules in ALL 
blasts is not unusual, as they were found in ~10% of the new ALL 
patients studied at St Jude’s.* Hematologists and pathologists should 
not diagnose French-American-British (FAB) M1 acute leukemia 
on the morphological appearance alone, especially in a clinical 
context more suggestive of ALL, Cytochemical confirmation of the 
granulocytic origin of the leukemic cells is essential. Given the 
occasional report of sudanophilic granules in ALL blasts,*" the 
stains used should be granulocyte enzyme-specific, such as myelope- 
roxidase or ASD chloroacetate esterase. Only such testing can avoid 
the diagnostic problem so well illustrated by Fradera and col- 
leagues.’ 


RICHARD A. SAVAGE 
Ashtabula County Medical Center, OH 
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To the Editor: 


“We read with interest the comments by Dr Richard Savage and 
would like to clarify one point and perhaps raise others. 
' When we decided to study and publish our case with the abnormal 
granules’ we were convinced, and still are, that we were reporting a 
most unusual finding. Unfortunately, Dr Savage missed the point of 
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1973 


10. Komiyama A, Ogawa M, Eurenius E, Spicer SS: Unusual 
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our report. We did not report a case of ALL with azurophilic 
granulation. Indeed, we were most impressed by the fact that the 
granules were actually not azurophilic. This was clearly described in 
the light microscopy section of our report (p 407) and can be 
observed in the color photomicrographs accompanying the article. 
The granules were described as dark purple, and we believe that the 
data as presented illustrated the fact that they appeared more like 


CORRESPONDENCE 


inclusions than granules, as is generally observed in hematopotetic 
cells. 

in addition, Dr Savage errs when he states that the cytochemical 
findings in our case were similar to those reported by others*? who 
studied azurophilic granules in ALL blasts. Although we agree that 
the cytochemical evaluations of the blasts containing the azurophilic 
granules reported by others are similar, our findings were not the 
same. In our case, the granules gave negative results with all stains 
tested. Dr Savage's confusion probably arises from the fact that we 
also described the cytochemical evaluation of the lymphoblasts of 
our case. These studies revealed an unusual reaction obtained in the 
lymphoblasts of our patient with the a-naphthyl acetate stain 
illustrated in Fig 2 of our paper. These studies, however, should not 
be confused with those of the abnormal granules that were the main 
subject of our publication. 

Dr Savage's letter raises other interesting points in regard to 
azurophilic granules. We were surprised to read his statement: “The 
presence of such anomalous azurophilic granules in ALL blasts ts 
not unusual, as they are found in ~10% of the new ALL patients 
studied at St Jude's Hospital.” This information was based on a 
report by Stein and colleagues’ describing a detailed evaluation of 
five cases of granulated ALL in which the authors screened 66 cases 
of ALL for the presence of prominent azurophilic intracytoplasmic 
granules. In our experience with 140 adult patients with ALL in the 
last 10 years, this has been an extremely rare finding in adults and as 
such was mentioned in the now classic paper by Bennett and 
co-workers* in which the French-American-British (FAB) classifi- 
cation wasedescribed in 1976 and which included both pediatric and 
adult patients. Furthermore, in an even more detailed definition of 
the morphological criteria important in the classification of ALL by 
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Bennett and co-workers’ in 1979, the presence of azurophilic gran- 
ules was not mentioned. Nevertheless, if the more common presence 
of these azurophilic granules, as reported by Stein and co-workers’ 
could be corroborated by other pediatric centers specialized in the 
study of leukemia, this could lead to a revision of the now accepted 
FAB classification with the recognition of granular ALL as a 
subtype of ALL, type L, This also raises the possibility that if 
azurophilic granulation in ALL blasts has indeed increased during 
recent years, a larger number of cases should be available to allow a 
better characterization of such granules, including utilization of 
cytogenetic and electron microscopic studies to determine if they 
represent a finding of clinical relevance in a homogeneous group of 
patients. 

In summary, Dr Savage's observations have raised new perspec- 
tives in the study of morphological findings that may be occurring in 
growing numbers of pediatric patients with ALL in whom azuro- 
philic granules are apparently more common, and corroborate that 
large, nonazurophilic granulation in lymphoblasts, such as the ones 
described by us, are indeed a very rare and unique finding. Our case 
probably represents one of the very few cases, if not the only 
well-documented case, of such an entity. 


ENRIQUE VELEZ-GARCIA 
JEAN FRADERA 
Hematology-Medical Oncology Section 
University of Puerto Rico, San Juan 
JAMES G. WHITE 
University of Minnesota School 

of Medicine, Minneapolis 
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ERRATUM 


PALA nea panaan paang hy lA ALAA NOY a nd vs ia ninaa ia 


In the article entitled “Absence of Tubular Structures and Immunolabeling for von Willebrand Factor in the Platelet 
a-Granules From Porcine von Willebrand Disease” by Cramer et al, which appeared in the September issue (Volume 68, 
Number 3, pages 774-778), the diameters of the granule-associated tubules and of the microtubules should be read in 
Angstréms and not in nanometers (200 A and 250 A, respectively). 
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HOUSTON SOCIETY OF CLINICAL PATHOLOGISTS 


Houston, TX 
April 25, 1987 


Slide seminar on lymphomas and leukemias presented by Robert Collins, MD, and Jobn Bennett, MD. 
For further information, contact: James J. Butler, MD, Department of Pathology, Box 85, M.D. Anderson Hospital, 
Houston, TX 77030. 





AMERICAN SOCIETY OF HEMATOLOGY 
Spring Symposium on Hematopoietic Growth Factors 


Durham, North Carolina 
April 20-21, 1987 


The American Society of Hematology is holding a two-day symposium on hematopoietic growth factors sponsored by 
Burroughs Wellcome Company, to be held at the Searle Center in Durham, North Carolina on April 20 and 21, 1987. The 
topics will include the molecular biology of the hematopoietic growth factors, their biological actions, and the results of in vivo 
studies with these molecules in experimental animals and humans. Among the participants will be Steven Clark, Malcolm 
Moore, David Golde, Judith Gasson, Ken Kaushansky, Gordon Wong, Peter Quesenberry, John Adamson, and Colin Sieff. 

Additional information and details of the program are available through Dr Wendell F. Rosse, PO Box 3934, Duke 
University Medical Center, Durham, NC 27710. Individuals interested in submitting abstracts or poster presentations, or 
preregistering are encouraged to do so by March 1, 1987. Maximum registration: 200. 


GEORGETOWN UNIVERSITY MEDICAL CENTER, WASHINGTON, DC 
“BONE MARROW TRANSPLANTATION: PROGRESS AND PROBLEMS” 


Washington, DC 
March 28, 1987 


For further information contact: Office of Continuing Medical Education, Georgetown University Medical Center, 3800 
Reservoir Rd, NW, Washington, DC 20007. Telephone (202) 625-2306. 


SHORT COURSE IN MEDICAL & EXPERIMENTAL MAMMALIAN GENETICS 


July 20-31, 1986 
Bar Harbor, Maine 


Conducted by The Jackson Laboratory and Johns Hopkins University School of Medicine. Lectures covering the entire field 
are supplemented by methodologic workshops in cytogenetics, biochemical screening, linkage analysis, and molecular genetics, 
as well as demonstrations of mouse mutants and problems in clinical genetics. Held at The Jackson Laboratory. Inquiries and 
applications should be made to: Victor A. McKusick, MD, 292 Carnegie Bldg, Johns Hopkins Hospital, 600 N Wolfe St, 
Baltimore, MD 21205; or to Thomas H. Roderick, PhD, c/o Training & Education Office, The Jackson Laboratory, Bar 
Harbor, ME 04609. 
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LEUKEMIA SOCIETY OF AMERICA 
THIRD ANNUAL NATIONAL SYMPOSIUM 


Town and Country Hotel, San Diego, CA 
March 18-21, 1987 


Designed to focus on the latest advances and techniques in research and treatment of leukemias and lymphomas, the 
program will address current information and rapidly developing new approaches and programs in studies of the disease. 
Emphasis will be upon the application of basic science and its relation to clinical practice. The meeting is geared to physicians, 
nurses, allied professionals, fellows-in-training, residents, and students with major interest and involvement in leukemia and 
related disorders. The course is accredited for CME by the AACME. It meets the criteria for 17 credits in Category I towards 
the Physician’s Recognition of the AMA. Registered nurses will qualify for 20.7 contact hours of continuing education through 
the LSA’s provider accreditation for continuing education for registered nurses. 


There will be a keynote address on “Chromosomes, Genes, and Leukemia” by Peter C. Nowell, MD; Stohiman Memorial 
Scholar papers: posters; and five minisymposia, dealing with: biological characteristics of clinical trial designs; molecular 
genetics; application of molecular probes; antimyeloid monoclonal antibodies; and cellular response to growth factors. There 
will also be daily group breakfasts and an awards banquet. Registration fee: physicians: $100; nurses, fellows-in-training, 
residents, and students: $60. Fees are due by March 11, 1987. 


For registration and additional information, contact: LSA Medical Conference, c/o Bostrom Corporation, 435 N Michigan 
Ave, Suite 1717, Chicago, IL 60611. Telephone: (312) 644-0828. 


Grune & Stratton Journals 


AMERICAN JOURNAL OF CARDIAC IMAGING 
AMERICAN JOURNAL OF KIDNEY DISEASES 
ARCHIVES OF PSYCHIATRIC NURSING 
BLOOD 

COMPREHENSIVE PSYCHIATRY 
INFORMATICS IN PATHOLOGY 

JOURNAL OF CARDIOTHORACIC ANESTHESIA 
JOURNAL OF CLINICAL ONCOLOGY 
JOURNAL OF CRITICAL CARE 

JOURNAL OF PEDIATRIC NURSING 

JOURNAL OF PEDIATRIC SURGERY 
JOURNAL OF POST ANESTHESIA NURSING 
METABOLISM — CLINICAL AND EXPERIMENTAL 
PROGRESS IN CARDIOVASCULAR DISEASES 
SEMINARS IN ANESTHESIA 

SEMINARS IN ARTHRITIS AND RHEUMATISM 
SEMINARS IN DERMATOLOGY 

SEMINARS IN DIAGNOSTIC PATHOLOGY 
SEMINARS IN HEMATOLOGY 

SEMINARS IN NEPHROLOGY 

SEMINARS IN NUCLEAR MEDICINE 
SEMINARS IN ONCOLOGY 

SEMINARS IN ONCOLOGY NURSING 
SEMINARS IN OPHTHALMOLOGY 

SEMINARS IN ORTHOPAEDICS 

SEMINARS IN PERINATOLOGY 

SEMINARS IN RESPIRATORY INFECTIONS 
SEMINARS IN ROENTGENOLOGY 

SEMINARS IN ULTRASOUND, CT, AND MR 


SEMINARS IN UROLOGY 


SEMINARS IN VETERINARY MEDICINE AND SURGERY 


(SMALL ANIMAL) 


TRANSFUSION MEDICINE REVIEWS 


TRANSPLANTATION PROCEEDINGS 


Quarterly 
Monthly 
Bimonthly 
Monthly 
Bimonthly 
Quarterly 
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NEW HEMATOLOGY TOOLS 
ARE BLUE, RED, PURPLE AND 
ALL SHADES IN-BETWEEN. 


BECAUSE PEOPLE 
LIKE TO SEE THINGS 
DIFFERENTLY. 


ACCUSTAINS ™ 
OR HEMATOLOGY 


ACCUSTAIN is a term now applied to a 
ew group of Sigma Diagnostics liquid 
stains that exhibit superior features. AC- 
USTAINS for hematology, include special 
ormulations of Wright Stain and Giemsa 
tain for manual and automated applica- 
ons. For the first time, guesswork has 
been removed from use of Wright Stain 
and Giemsa Stain. These materials are 
prepared as precisely defined mixtures of 
anthene and thiazine dyes. Their precision 
anufacture virtually eliminates lot-to-lot 
ariation. The ACCUSTAINS for hema- 
ology exhibit consistent Romanowsky be- 
avion requiring no adjustment of staining 
mes each time a new batch of material is 
sed. This sets ACCUSTAINS apart from 
aterials offered by other manufacturers. 


Fastest manual reagents with 
superior staining characteristics. 
Reproducible results. 

No lot-to-lot reagent variation. 
Comparable manual and automated 
staining. 

No reagent precipitation problems. 
Unusually stable reagents. 

Defined reagent composition. 

Stable stain solutions for automation. 
Stain components manufactured by 
Sigma Diagnostics assuring maximum 
quality control. 


i SIGMA DIAGNOSTICS 
ST LOUIS, MISSOURI 63178 USA 


NEW MONOCLONAL ANTIBODIES 
The new group of monoclonal antibodies 
is the first of a growing line of products 
designed to identify hematopoietic dif- 
ferentiation antigens. These highly pu- 
rified markers are carefully examined 
for specificity using established neo- 
plastic tissue culture lines. 


PROCEDURE 

HEMATOLOGY NUMBER 
Fetal Hemoglobin 285 
Giemsa Stain GS-10 
Giemsa Stain 

(Hema- Tek”) GSHT 
Iron Stain HT-20 
Nitroblue Tetrazolium 

(NBT) Reduction 840 
May-Grünwald MG 
Monoclonal Antibodies MC-1 
Wright Stain (Manual) WS 
Wright Stain 

(Hema- Tek”) WSHT 
Wright Stain 


(Hemastainer”) WS-128 


MAKING THE VISION 
A REALITY. 


= 


The Source 


PO. BOX 14508 
ST. LOUIS, MO 63178 USA 
For orders in the USA/Canada 
call 1-800-325-3010 

and outside the 
USA/Canada call 314-771-5750 collect. 
New Technical Service HOTLINE number 

1-800-325-0250 











~ For Alexander, 
who cant produce 
p 

enough antibodies 
to tight infection... 
Young or old, patients without sufficient levels of 
antibodies face overwhelming infection. ..and 
they urgently need help. Aggressive IGIV 
treatment with GAMIMUNE* N gives these 
patients the edge that may make the difference: 
antibodies against major bacterial, viral and fungal 
pathogens, in just minutes. 

For patients like Alexander, GAMIMUNE* N 
provides premium IGIV: immune globulin that 
contains at least 98% pure gamma globulin’; 
unmodified “native” IgG with immunologic 
activity of normal plasma; and documented in 
vitro inactivation of HTLV-II virus* during 
fractionation from plasma to final gamma 
globulin.” 

When patients don't have enough antibodies 


to fight infection, like Alexander, it’s nice to know 
that GAMIMUNE* N does. 


Aggressive IGIV treatment in 
immunodeficiency syndromes. 
Also for both chronic and 

acute [TP in children and adults. 


Gamimune N 
Immune Globulin 

Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 
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Gamimune N 


Immune Globulin 
Intravenous (Human) 5% 


(in 10% Maltose), pH 4.25 


CLINICAL PHARMACOLOGY 

Gamimune® N supplies a broad spectrum of opsonic and neutralizing IEG antibodies for 
the prevention or attenuation of a wide vanety of infectious diseases. As Ganrumune” Nis 
adrunistered intravenously, essentially 100% of the infused IgG antibodies are immed 
ately available in the recipient's circulation. A relatively rapid fall ir serum IgG level in the 
first week postinfusion is to be expected. this decrease averages 50% of the peak level 
achieved immediately post-infusion and 1s mainly due to the equilibration of IgG between 
the plasma and the extravascular space. The n vivo half-life of Gamumune” N equals or 
exceeds the three week half-life reported for IgG in the literature, but individual patient 
variation in half-life has been observed. Thus. this variable as well as the amount of 
immune globulin administered per dose ’s important m determmning the frequency of 
administration of the drug for each individual patient. 

The intravenous administration of solutions of maltose has been studied by several 
investigators Healthy subjects tolerated the infusions well, and no adverse effects were 
observed at a rate of 0.25 g maltose/kp bedy weight per hour in safety studies conducted 
by Cutter Biological, infusions of 10% maltose administered at 0.27-0.62 g maltose/kg 
per hour to normal subjects produced either mid side effects (e.g. headache) or no 
adverse reaction. Following intravenous adnunistrations of maltose, maitose was 
detected in the peripheral blood. there was a dose-dependent excretion of maltose arid 
glucose in the urine and a mild diuretic effect. These alterations were well tolerated with- 
out sigruficant adverse effects. Tne highest recommended infusion rate. 0.08 mL/kg 
body weight per minute (see DOSAGE AND ADMINISTRATION), is equivalent to O48 zg 
maltasekg body weight per hour 

The buffer capacity of Immune Globulin Intravenous (Human) 5% (in 10% Maitose) pH 
4,25--Garmumune® Nis 16.5 mEgA {~ 0.3 mEq/g protein) a dose of 150-400 mg/kg (3-8 
ml/kg) body weight therefore represents an acid load of 0.0495-0 1320 mEq/kg body 
weight The total buffering capacity of whole biood in a normal individual i5 45-50 megil 
of blood, or 3.6 mEg/kg body weight. Thus, the acid load delivered in the largest dose of 
Gamimune® N would be neutralized by the buffering capacity of whole blood alone, evenif 
the dase were infused instantaneously. (An infusion usually lasts several hours. j 

in Phase | human studies. no change i arterial blood pH measurements was detected 
following the intravenous administration of Gamimune” N at a dose of 150 mg/kg body 
weight, following a dose of 400 mg/kg body weight in 37 patients, there were no clinically 
important differences in mean venous pH or bicarbonate measurements in patients who 
received Garmmune* N compared with those who received a chercally modified intra 
venous immunoglobulin preparation with a pH of 6.8. 

in patients with limited or compromised acid-base compensatory Mechanisms. CONSA 
eration should be given to the effect of the additional acid load Gamimune* N might 
present, 

INDICATIONS AND USAGE 

Immunodeficiency Syndromes: Gamimune” N is indicated for the maintenance treat. 
ment of patients who are unable to produce sufficient armaunts of IgG antibodies Usage 
of Gamimune™ N may be preferred to that of intramuscular immunogiobuin preparations, 
especially in patients who require an immediate increase in intravascular immunoglobulin 
levels, in patients with a small muscle mass, and in patients with Weeding tendencies in 
whom intramuscular inyections are contraindicated. It may be used in disease States Such 
as congenital agammagiobulinema (e.g... X-linked agammaglobuunenia), common vana- 
ble hypogammagiobulinenna, X-linked immunodeficiency with hyper IEM and in severe 
combined immunodeticiency. 

idiopathic Thrombocytopenic Purpura (ITP): investigations in both chidren and adults 
have shown that Gamimune* N may initiate a therapeutic increase in the platelet count in 





with acute or chronic ITP demonstrated clinically significant increments in the platelet 
count during or following an initial treatment course with Gamimune’* N at a dose of 400 
mg/kg body weight daily for five days. The duration of the platelet rise following treatment 
of {TP with Gamimune”™ N was variable, ranging from several days up to 12 months or 
more. Several (TP patients demonstrated continuing responsiveness over many Months 
to intermittent Gamumune® N 400 mg/kg body weight single dose maintenance COUrSéeS. 
Two of three children with acute ITP treated with Gamimune® N rapidly went into complete 
remission. However, childhood ITP may respond spontaneously without treatment, Four 
patients with refractory ITP were able to undergo major surgical procedures as a result of 
the rapid rise in platelet count associated with Gamimune* N treatment. 

in addition, one patent with severe thrombocytopenia due to posttransfusion purpura 
(PLA! aloimmune antibody with platelet anti PL4! specificity) also responded to treatment 
with Gamimune* N, at a dose of 400 mg/kg body weight daily for 5 days: there was a rapid 
rise in the platelet count commencing on the third day of treatment 

it is presently not possible to predict which patients with ITP will respond to therapy, 
although the increase in platelet counts in children seems to be better than that of adults. 
in clinical situations in which a rapid rise in platelet count is needed to control bleeding or 
to allow a patient with ITP to undergo surgery, admunistration of Immune Globulin intra- 
venous (Human} 5% (in 10% Maltose}j, pH 4 25-—-Garnimune™* N shouid be considered. in 
patients in whom a response js achieved, the rise of platelets is generally rapid (within 1 5 
days). transient (most often lasting from several days to several weeks) and should not be 
considered curative. in some patients who relapse, a maintenance dose of Gamumune* N 
administered every several weeks may be of benefit ance the platelet count decreases to 
clinically hazardous levels (see DOSAGE AND ADMINISTRATION). 
CONTRAINDICATIONS 
Gamimune® Nis contraindicated in individuals who are known to have had an anaphylactic 
or severe systemic response to immune Globulin (Human). Individuals with selective IgA 
deficiencies who have known antibody against IgA (ant IgA antibody} should not receive 
Gamimune®* N since these patients may experience severe reactions to the IgA which may 
be present 


WARNINGS 
Gamirnune’ N should be administered only istravenousiy as the intramuscular and subcu- 
taneous routes have not been evaluated 

Gamimune’ N may, on rare occasions, Cause a precipitous fallin blood pressure and a 
chugal picture of anaphylaxis, even when the patient 1s not known to be sensitive to 
immune globulin preparations. These reactions may be related to the rate of infusian 
Accordingly, the infusion rate given under DOSAGE AND ADMINISTRATION shouid be 
closely followed, at least until the physician has had sufficient experience with a given 
patent. The patent's wtal signs should be monitored continuously and careful observa: 
non made for any symptoms throughout the entire infusion. Epinephrine should be avant- 
able for the treatment of an acute anaphylactic reacuan., 

PRECAUTIONS 

General: Any vial (hat has heen entered should be used promptly Partially used wais 
shoauid be discarded. Do not use if turbid. Solution which has been frozen shouid not 
be used 

Drug interactions: if dilution is required, Garumune* N may be diluted with 5% dextrose 
in water (D5/W) No other drug interactions or compatibilities have been evaluated. If ts 
recommended that infusion of Gamimune* N be given by a separate ine, by fself, without 
maxing with other intravenous fluids or medications the patient might be receming. 
Pregnancy Category C: Animai reproduction studies have not been conducted with 
Garnumune’ N. itis not known whether Gammmune™ N can Cause fetal harm when adrnin- 
istered to a pregnant woman or can affect reproduction capacity Gamimune’ N should 
be given to a pregnant woman only if clearly needed. 

ADVERSE REACTIONS 

in a study of 37 patients with immunodeficiency syndromes receming Gammmune” N ata 
monthly dose of 400 mg/kg body weight, reactrons were seen in 5 2% of the infusions of 
Gamimune* N. Symptoms reported with Garrimune® N included malaise, a feeling of 
faintness, fever chilis. headache. nausea, vormiting. chest lightness. dyspnea and chest. 
back or hip pain in addition. mid erythema following infiltration of immune Globulin iritra- 
venous (Human) 5% an 10% Maltose), pH 4. 25-—Gamnmune® N at the infusion site was 
reported in samme Cases. 

in further studies of Garmimune* Nin the treatment of both adult and pediatre patients 
with ITP systermic reactions were noted in only 4 of 154 (2.6% j infusions, and alt but one 
occurred at rates of infusion greater than 0.04 ml/kg body weight per munute. The symp- 
toms reported included chest tightness. a sense of tachycardia (puise was 84 beats per 
nmunute), and a burning sensation in the head, these symptoms were all mid and transient. 
Erythema, pain, phlebitis, or eczematous reactions at the nfusron site were also reported 
following infusion of Gamimune® N to adult ITP patents. These reactions occurred in 
116% of the infusions of Gamumnune* N and in 43.8% of the adult ITP population. No 
pediatric patents expenenced localized reactions at the infusion site. 

in the studies undertaken to date. other types of reactions have not been reported with 
Gamimune”® N. it may be. however, that adverse effects will be similar to those previously 
reported with intravenous and uttramuscular mmunoglobuln admuustration Potential 
reactions, therefore. may also include annuety. fushing, wheezmg, abdominal cramps. 
myalgias, arthralgia. and dizziness. rash has been reported only rerely, Reactions to intra: 
venous immunoglobulin tend to be related to the rate of infusron. 

True anaphylactic reactions to Gamimune” N may occur in recipients with documented 
pror histones of severe allergic reactions to intramuscular immsmoglobulin, but some 
patients may tolerate cautously admunstered intravenous immunoglobulin without 
adverse effects Very rarely an anaphylactond reaction may occur e! patients wilh no prior 
history of severe aiergic reactions to esther intramuscular or intravenous 
mnmnunogsiobuin. 

DOSAGE AND ADMINISTRATION 

immunodeficiency Syndromes: The usual dosage of Gamumune” N for prophylaxis in 
mmamunodeficiency syndromes is 100-200 mg/kg (2-4 mL/kg) cf body weignt adrunis. 
tered approximately once a month by intravenous infusion If the clinical response is 
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Twenty 
years ago, 
leukemia 
killed . 
to fill 

Madison 


Twenty years ago, leukemia was a mysterious disease. Little was known about 
the cause. Less was known about the cure. 

But since then, the Leukemia Society of America has funded 32 million dollars of 
medical research in an all-out effort to find a cure. 

Today, more and more people with leukemia are surviving. Living normal lives. 
But the Leukemia Society won't be satisfied till this killer is stopped for good. 

For more information, including the free booklet “What Everyone Should Know 
About Leukemia, write to: Leukemia Society of America, 733 Third Ave., New York, 
New York 10017. 
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FACULTY POSITIONS: The Hematopathology Program, Division of Labora- 
tory Medicine, M. D. Anderson Hospital and Tumor Institute has three faculty 
positions open for two M.D.’s and a Ph.D. The M.D. should have training and 
research experience in hematologic pathology. The Ph.D. should have a record of 
productive research in ‘hematopoietic neoplasia. The successful applicants will be 
expected to develop independent and collaborative research in hematopoietic 
neoplasia. Preference will be given to individuals who have a background in 
molecular biology. One M.D. position is at the academic rank of Faculty 
Associate. Academic rank is commensurate with qualifications and experience for 
the other two positions. Send curriculum vitae, names of three references, and a 
statement of research interests to: Sanford A. Stass, M.D., Division of Laboratory 
Medicine, Box 73, M. D. Anderson Hospital and Tumor Institute, 1515 Holcombe 
Blvd., Houston, Texas 77030. The University of Texas System Cancer Center is 
an Equal Opportunity/Affirmative Action Employer. 
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Ph.D. in Hematology or related area. 
Department of Health Sciences seeks 
faculty with clinical/research interests 
for expanding undergrad/grad curricu- 
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erence will be given to applicants with 
extensive clinical laboratory experience 
and/or certification. Letter of applica- 
tion/curriculum vitae must be received 
by March 1, 1987. Submit applications 
to: Chairperson, Search and Screen, 
Medical Technology Program, Dept of 
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waukee, P.O. Box 413, Milw. WI. 53201, 


(414) 963-5324. UWM is EOAAE. 








COOLEY’S 
ANEMIA FOUNDATION, INC. 
RESEARCH FELLOWSHIPS 


The Cooley’s Anemia Foundation, Inc., invites 
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stipends of up to $15,000. The deadline for 
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begin July 1, 1987, for one year with the 
possibility of renewal for a second year. 


For application forms and further information, 
write: Mr. Michael C. DiFilippo, National Exec- 
utive Director, Cooley’s Anemia Foundation, 
Inc., 105 East 22nd Street, Suite 911, New 
York, New York 10010. Telephone: (212) 598- 
0911. 
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Leading research laboratories 
throughout the world select Becton 
Dickinson Leu monoclonal reagents 
for choice, quality, and convenience. 

We offer the industry's largest 
selection of monoclonal antibodies to 
human leucocytes, human immuno- 
globulins, complement receptors, and 
mouse leucocytes as well as a full line 
of secona-step reagents. 

New products include: Simultest 
reagents for single-step, two-color 
immunofluorescence using unique 
combinations of conjugated monocio- 
nal antibodies: and I-PATH, a series 
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of more than 25 products specifically 
formulated for tissue immunopathology 

Each Becton Dickinson reagent is 
characterized by extensive FACS 
analysis and tested by multiple methods 
to ensure superior quality 

And all Becton Dickinson reagents 
are supplied in solution, ready to use 

Becton Dickinson Leu monoclonal 
reagents. Superior quality for superior 
resuits 

For a current product listing, contact 
your Becton Dickinson Immunocyto- 
metry Systems Representative, or call 
us at the number below 


Becton Dickinson Immunocytometry Systems 
PO. Box 7379 Denderstraat 24 
Mountain View. CA 94039 8-9440 Erembodegem 
oll Free (800) 223-8226 Belgium 

In CA, call (800) 821-9796 Tel 053/787830 
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outpatient basis and 
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WELLCOVORIN TABLETS 


leucovorin calcium) 


For thousands of patients, Wellcovorin Tablets have provided the 
critical blood levels needed for life-saving rescue. The unique 
formulation of Wellcovorin Tablets has been shown to be completely 
bioavailable in a bioavailability study of 120 normal volunteers.’ 


(Blum. Guaspari. et al: NCI Folate Symposium. Jan. 1986 


Wellcovorin Tablets have reduced the cost of leucovorin rescue 
significantly. Before Wellcovorin Tablets, the cost of leucovorin 
increased rapidly and consistently every year. Now, patients pay 
less for Wellcovorin Tablets, and often realize considerable 
savings from a reduction in hospital stays and clinic visits. 


For greater flexibility in oral dosing, Wellcovorin Tablets are 
available in two sizes: 5 mg (scored, bottles of 20 or 100) and 
25 mg (scored, bottles of 25). 
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WELLCOVORIN TABLETS 


(leucovorin calcium) 


Leucovorin in convenient 
5 mg and 25 mg tablets 


Before prescribing WELLCOVORIN® Tablets, please consult 
complete prescribing information, The following is a brief 
summary. 
INDICATIONS AND USAGE: Wellcovonn (leucovonn 
calcium) is indicated for the prophylaxis and treatment of un- 
desired hematopoietic effects of folic acid antagonists (see 
WARNINGS). 
CONTRAINDICATIONS: Leucovorin is improper therapy 
for pernicious anemia and other megaloblastic anemias 
secondary to the lack of vitamin B». A hematologic remission 
may occur while neurologic manifestations remain 
progressive. 
WARNINGS: In the treatment of accidental overdosage of 
folic acid antagonists, leucovorin should be administered as 
promptly as possible. As the time interval between antifolate 
administration (e.g. methotrexate) and leucovorin rescue 
increases, leucovorin’s effectiveness in counteracting hema- 
tologic toxicity diminishes. 
PRECAUTIONS: 
General: Following chemotherapy with folic acid antag- 
onists, parenteral administration of leucovorin is preferable 
to oral dosing if there is a possibility that the patient may 
vomit and not absorb the leucovorin. In the presence of perni- 
cious anemia a hematologic remission may occur while 
neurologic manifestations remain progressive. Leucovonn 
has no effect on other toxicities of methotrexate, such as the 
nephrotoxicity resulting from drug precipitation in the kidney. 
Drug Interactions: Folic acid in large amounts may counter- 
act the antiepileptic effect of phenobarbital, phenytoin and 
primidone, and increase the frequency of seizures in suscep- 
tible children. 
Pregnancy: Teratogenic Effects: Pregnancy Category C. 
Animal reproduction studies have not been conducted with 
Wellcovorin, It is also not known whether Wellcovonn can 
cause fetal harm when administered to a pregnant woman or 
can affect reproduction capacity. Wellcovorin should be given 
to a pregnant woman only if clearly needed. 
Nursing Mothers: It is not known whether this drug is ex- 
creted in human milk. Because many drugs are excreted in 
human milk, caution should be exercised when Wellcovorin 
is administered to a nursing mother. 
Pediatric Use: See “Drug Interactions”. 
ADVERSE REACTIONS: Allergic sensitization has been 
reported following both oral and parenteral administration of 
folic acid. 
OVERDOSAGE: Excessive amounts of leucovorin may 
nullify the chemotherapeutic effect of folic acid antagonists. 
DOSAGE AND ADMINISTRATION: Leucovonin ts a spe- 
cific antidote for the hematopoietic toxicity of methotrexate 
and other strong inhibitors of the enzyme dihydrofolate reduc- 
tase. Leucovonn rescue must begin within 24 hours of anti- 
folate administration. A conventional leucovonn rescue 
dosage schedule is 10 mg/m’ orally or parenterally followed 
by 10 mg/m’ orally every six hours for seventy-two hours. If, 
however, at 24 hours following methotrexate administration 
the serum creatinine is 50% or greater than the pre-metho- 
trexate serum creatinine, the leucovorin dose should be im- 
mediately increased to 100 mg/m’ every three hours until the 
serum methotrexate level is below 5 x 105M.!. 
The recommended dose of leucovorin to counteract hemato- 
logic toxicity from folic acid antagonists with less affinity for 
mammalian dihydrofolate reductase than methotrexate (i.e 
trimethoprim, pyrimethamine) is substantially less and 5 to 15 
mg of leucovorin per day has been recommended by some 
investigators. ™+-5 
1. Bleyer WA; The Clinical Pharmacology of Methotrexate. Cancer 
41(1): 36-5), 1978 
2. Frei E. Blum RH, Pitman SW, er al- High Dose Methotrexate with 
Leucovorin Rescue: Rational and Spectrum of Antitumor Activity. Am J 
Med, 68:370-376, 1980 
3. Golde DW, Bersch N. Quan SG: Trimethoprim and Sulpha-methoxazole 
oe of Hacmatoporesis in Vitro. Br J Haematol. 40(3): 363-367. 
4. Steinberg SE, Campbell CL, Rabinovitch PS, er al: The Effect of 
Timethoprin/Sulfamothozazole on Friend Erythroleukemia Cells 
Blood, S$13): 501-504, 1980. 


$. Mahmoud AAF and Wirren KS: Algorithms in the Diagnosis and 
Management of Exotic Disease. XX Toxoplasmosis. J Infect Dis 13543) 
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raise the colorectal 
cancer cure rate. 





“If everyone over 50 had 
checkups for colorectal 
cancer, the cure rate could be 
as high as 75%. says Dr. 
LaSalle D. Leffall, Jr., past 
president, American Cancer 
Society. “You can't cure it if 
you don't know you have it. 
But if it’s detected early, the 
cure rate for colorectal cancer 
is very high. Your doctor can 
perform the digital and 
proctoscopic exams, and you 
take care of the simple stool 
blood test at home 

Since men and women are 
equally affected by this disease, 
we urge everyone over 50 to 
get regular checkups. 

The warning signs tor 
colorectal cancer are a change 
in bowel habits and blood in 
the stool. 

People with a family history 
of colon or rectal cancer or 
ulcerative colitis are at higher 
risk and are urged to be 
doubly cautious. 


Checkup Guidelines for 
men and women over 50 
without symptoms 
e digital exam annually 


e stool blood test annually 

e procto exam every 3 to 5 
years after 2 negative tests 
| year apart 
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American Diagnostica, Inc. offers an 
array of innovative products for the 


study and diagnosis of thrombotic and 
bleeding disorders: 





i its and methods for Protein C 
antigen and functional activity assay 
in plasma; reagent for Protein S 
determination 


aits for t-PA antigen, activity and 
inhibitor assay in plasma 


Standardized third generation 
chromogenic substrates for 
coagulation factor, heparin, Protein C, 
kallikrein and endotoxin assays 





i 
onoclonal antibody based kits for 
determination of soluble cross-linked 
fibrin fragments in plasma and serum 


i onoclonal antibody panels to 
hemostasis related antigens; activator 
and coagulation factor zymogens, 
enzymes and inhibitors 





for information contact: 


Prof Rion Wiman 
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Radiogenic 
mucositis or 
herpes 
simplex’.......... 


Early intervention can prevent or reduce 
HSV complications 





A high percentage of immunocompromised patients are at risk for 
developing HSV infections. Timely therapy with an antiviral agent 
can avoid the incidence of secondary complications, such as visceral 
dissemination, and prolonged hospital stay. 


Appearances may be deceiving 


Both slides are herpes simplex. In immunocompromised patients, 
mucositis and stomatitis that appear to result from radiation 
therapy or immunosuppression may actually be caused by herpes 


simplex. Differential diagnosis can be problematic, but appropriate 


laboratory tests can aid in the determination. 
There is an effective therapeutic agent available 
ZOVIRAX I.V. stops viral replication, speeds healing, and reduces 


pain. It is effective antiviral therapy for treatment of herpes 
simplex vira! infections. 


ZOVIRAX INV. 


(acyclovir sodium) 
STERILE POWDER /IV. INFUSION 


When the problem begins with a virus, 
end it with an antiviral. 


Please see following page for brief summary of prescribing information. 


The diagnostic 
challenge in 
immunocompromised 
patients... 
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ZOVIRAX IN. 


acyclovir sodium. 


STERILE POWDER/IV. INFUSION 


ZOVIRAX® 1.V. INFUSION (acyclovir sodium) sterile powder 
FOR INTRAVENOUS INFUSION ONLY 


INDICATIONS AND USAGE: Zovirax Sterile Powder ts indicated for the treatment of initial and recurrent 
mucosal and cutaneous Herpes s:mplex (HSV- | and HSV-2) infections in immunocompromised adults 
and children. it is alse indicated “or severe initial clinical episodes of herpes genitalis in patients whe 
are not immunocompromised. 

These indications are based on the results of several double-blind, placebo-controlied studies 
which evaluated the drug's effec: on virus excretion, complete healing of lesions, and relief of pain. 


Herpes Simplex infections in immunocompromised Patients 

A multicenter trial of Zovirax Sterile Powder at a dose of 250 mg/M? every 8 hours (750 meV day) 
for 7 days was conducted in 97 immunocompromised patients with oro-facial, esophageal, genital 
and other localized infections (£0 treated with Zovirax and 47 with placebo). Zovirax significantly 
decreased virus excretion, reduced pain, and promoted scabbing and rapid healing of lesions 147 


Initial Episodes of Herpes Genftalis 

A controlled trial was conducted in 28 patients with severe initial episodes of herpes genitalis with 
a Zovirax dosage of 5 mg/kg every 8 hours for 5 days (12 patients treated with Zovirax and 16 with 
placebo}. Significant treatment effects were seen in elimination of virus from lesions and in reduction 
of healing times 4 

In a similar study. 15 patiems with initial episodes of genital herpes were treated with Zovirax 
5 mg/kg every 8 hours for 5 days and 15 with placebo. Zovirax decreased the duration of viral excretion. 
new lesion formation duration of vesicles and promoted more rapid healing of all lesions.” 


Diagnosis 

The use of appropriate laberatory diagnostic procedures will help to establish the eteiogic 
diagnosis. Positive cultures for Herpes simplex virus offer a reliable means for confirmation of the 
diagnosis. in initial episodes of genital herpes, appropriate examinations should be performed to rule 
out other sexually transmitted d seases. Whereas cutaneous lesions associated with Herpes simplex 
infections are often characteristic, the finding of multinucleated giant cells in smears prepared from 
lesion exudate or scrapings may assist in the diagnosis. 


CONTRAINDICATIONS: Zovirax Sterile Powder is contraindicated for patients who develop hypersens:- 
tivity to the drug. 


WARNINGS: Zovirax Sterile Powder is intended for intravenous infusion only, and should not be 
administered topically, intramuscularly, orally, subcutaneously or in the eye. Intravenous infusions 
must be given over a period of at ‘east | (one) hour to prevent renal tubular damage (see PRECAUTIONS 
and DOSAGE AND ADMINISTRATION). 


PRECAUTIONS: 
General: The recommended dosage, frequency and length of treatment shouid not be exceeded (See 
DOSAGE AND ADMINISTRATION). 

Although the aqueous solubilty of acyclovir sodium (for infusion} is > 100 mg/ml, precipitation of 
acyclovir crystals in renal tubules can occur if the maximum solubility of free acyclovir (2.5 mg/ml at 
37°C in water is exceeded or if the drug is administered by bolus injection. This complication causes a 
rise in serum creatinine and blond urea nitrogen (BUN), and a decrease in renal creatinine Clearance. 
Ensuing renal tubular damage can produce acute renaj failure. 

Abnormal renal function (cecreased creatinine clearance) can occur as a result of acyclovir 
administration and depends or the state of the patient's hydration. other treatments, and the rate of 
drug administration. Bolus administration of the drug leads to a 10% incidence of renal dysfunction, 
while in controlled studies, infusion of 5 mg/kg (250 mg/M?} over an hour was associated with a lower 
frequency -- 4.6%. Concomitant use of other nephrotoxic drugs. pre-ewsting renal disease, and 
dehydration make further renal impairment with acyclovir more likely. In most instances, alterations of 
renal function were transient and resolved spontaneously or with improvement of water and electrolyte 
balance, drug dosage adjustment or discontinuation of drug administration. However, im some 
instances, these changes may progress to acute renal failure. 

Administration of Zovirax by intravenous infusion must be accompanied by adequate hydration. 
Since maximum urine concentration occurs within the first 2 hours following infusion, particular 
attention should be given to establishing sufficient urine flow during that penod in order to prevent 
precipitation in renaj tubules. 

When dosage adjustments are required they should be based on estimated creatinine clearance 
(See DOSAGE AND ADMINISTRATION}. 

Approximately 1% of patiencs receiving intravenous acyclovir have manifested encephaiopathic 
changes characterized by either lethargy. obtundation, tremors, confusion, hallucinations. agitation. 
seizures or coma. Zovirax should be used with caution in these patients whe have underlying 
neurologic abnormalities and those with serious renal, hepatic, or electrolyte abnormalities or 
significant hypoxia. it should also be used with caution im patients who have manifested prior 
neurologic reactions to cytotoxic drugs or those receiving concomitant intrathecal methotrexate or 
interferon. 

Exposure of HSV isolates to acyclovir 7 vitro can lead to the emergence of less sensitive viruses 
These viruses usually are deficient in thymidine kinase (required for acyclovir activation) and are less 
pathogenic in animals. Similar isolates have been observed in 6 severely immunocompramised 
patients during the course af controlled and uncontrolled studies of intravenously administered 
Zovirax. These occurred in patients with congenital severe combined immunodeficiencies or following 
bone marrow transplantation. The presence of these viruses was not associated with a worsening of 
clinical iliness and, in some instances, the virus disappeared spontaneously. The possibility of the 
appearance of less sensitive viruses must be borne in mind when treating such patients. The 
relationship between the in vie sensitivity of herpesviruses to acyclovir and clinical response te 
therapy has yet to be established. 


Drug interactions: Co-admin:stration of probenecid with acyclovir has been shown to increase the 
mean half-life and the area under the concentration-time curve. Unnary excretion and renal clearance 
were correspondingly reduced. Clinical experience has identified ne other significant interactions 
resulting from administration of other drugs concomitantly with Zovirax Sterile Powder. 


Carcinogenesis, Mutagenesis, Impairment of Fertility: Acyclovir was tested in lifetime Inoassays in 
rats and mice at single daily doses of 50. 150 and 450 mg/kg given by gavage. There was no 
statistically significant differerce in the incidence of tumors between treated and contro! animals, nor 
did acyclovir appear to shorten the latency of tumors. In 2 in vitro cell transformation assays, used to 
provide preliminary assessmert of potential oncogenicity in advance of these more definitive lifetime 
bioassays in rodents, conflicting results were obtained. Acyclovir was positive at the highest dose used 


in one system and the resulting morphologically transformed ceils formed tumors when moculated inte 
immunosuppressed, syngeneic, weanling mice. Acyclovir was negative in another transformation 
syster. 

Ny chromosome damage was observed at maximum tolerated parenteral doses of 100 mg/kg 
acyc ovir in rats or Chinese hamsters: higher doses of 500 and 1009 mg/kg were clastogenc m 
Chinese hamsters. In addition, no activity was found in a dominant lethal study in mice. in Gof H 
microbial and mammalian cell assays, no evidence of mutagenicity was observed. In 2 mammalian 
cell assays (human lymphocytes and LSI78Y mouse lymphoma cells n vitro), positive responses for 
mutagenicity and chromosomal damage occurred, but only at concentrations at least 25 times the 
acyclovir plasma levels achieved in man. 

Acyclovir does not impair fertility er reproduction in mice at oral doses up to 450 mg/kg/day. in 
temale rabbits treated subcutaneously with acyclovir subsequent to mating, there was a statistically 
signeficant decrease in implantation efficiency but no concomitant decrease in hitter size at a dose of 
50 rig/kg/day. 

Pregnancy: Teratogenic Effects. Pregnancy Category C. Acyclovir was not teratogenic in the mouse 
(45( mg/kg/day, p.o), rabbit (50 mg/kg/day, s.c.) of rat (50 mg/kg/day, $.c.). 

Mithough maximum tolerated doses were tested in teratology studies, the plasma levels obtained 
did aot exaggerate maximum plasma levels that might occur with clinical use of intravenous acyclovir, 

There have been no adequate and well-controlled studies in pregnant women, Acyclovir should be 
used during pregnancy only if the potential benefit justifies the potential nsk to the fetus. 


Nursing Mothers: it is not known whether this drug is excreted in human milk. Because many drugs 
are excreted in human milk, caution should be exercised when Zovirax (acyclovir sodium) stente 
powder is administered to a nursing woman. 


ADVERSE REACTIONS: The most frequant adverse reactions reported during controlled clinical trials of 
Zov rax in 64 patients were inflammation or phlebitis at the injection site following infiltration of the 
LV. Hud in 9 114.0%), transient elevations of serum creatinine in 3 (4.7%), and rash or hives in 3 
(4.7%). Less frequent adverse reactions were diaphoresis, hematuria, hypotension, headache and 
nausea, each of which occurred in 1 patient (1.6%). Of the 63 patients receiving placebo, 3 (4.8%) 
experienced intlammation/phlebitis and 3 (4.8%) experienced rash or tehing Hematuria and nausea 
wer? experienced by placeba recipien’s at the same frequency. 

Among 51 immunocompromised patients, one, a bone marrow transplant recipient with pneumo- 
mtis, developed seizures, cerebral edema, coma and expired with changes consistent with cerebral 
ancaia on postmortem biopsy, another immunocompromised paten: exhibited coarse tremor and 
cloe-us. 

additional adverse reactions were reported m uncontrolled tnais. The most frequent adverse 
tea ction was elevated serum creatinine. This occurred in 9.8 percent of patients, usually following 
raped (less than 10 minutes} intravenous infusion. Less frequent adverse experiences were thrombocy- 
toss and jitters, each in 0.4% of patents. 

Approximately 1% of patients receiving intravenous acyclovir have manifested encephalopathic 
changes characterized by ether lethargy. obtundation. tremors. contusion. hallucinatans, agitation, 
sei. ures or coma {see PRECAUTIONS). 


OVERDOSAGE: Overdosage has been reported following administration of bolus injections, or mappo- 
pnately high doses, and in patients whose fluid and electrolyte balance was not properly monitored. 
This has resulted in elevations in BUN, serum creatinme and subsequent renal failure. 

*recipitation of acyclovir in renel tubules may occur when the solubility (2.5 mg/mi) in the 
iitratubular fluid is exceeded (see PRECAUTIONS). A six hour hemodtasysis results in a 60% decrease 
in asma acyclovir concentration. Data concerning peritoneal dialysis are incomplete but indicate 
that this method may be significantly less efficient in removing acyclowr from the blood. In the event of 
acete renal failure and anuria, the patient may benefit from hemodialysis until renal function is 
rescored (see DOSAGE AND ADMINISTRATION). 


DOSAGE AND ADMINISTRATION: CAUTION — RAPID OR BOLUS INTRAVENOUS AND INTRAMUSCULAR 
OR SUBCUTANEOUS INJECTION MUST BE AVOIDED. 

Dosage: MUCOSAL AND CUTANEQUS HERPES SIMPLEX (HSV-1 and HS¥-2) INFECTIONS IN IMMUNO- 
COMPROMISED PATIENTS — 5 mg/kg infused at a constant rate over | hour. every & hours 
(1E mg/kg/day} for 7 days in adult patients with normal renal function. in children under 12 years of 
age, more accurate dosing can be attained by infusing 250 mg/M2 at a constant rate over | hour, avery 
B tours (750 mg/Me/day) for 7 days. 

SEVERE INITIAL CLINICAL EPISORES OF HERPES GENITALIS The same dose given above ~- 
ad ministered for 5 days. 

Therapy should be initiated as early as possible following onset of signs and symptoms. 


PATIENTS WITH ACUTE OR CHRONIC RENAL IMPAIRMENT: Refer io DOSAGE AND ADMINISTRATION 
section for recommended doses, anc adjust the dosing interval as indicated in the fable below. 
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Creatinine Clearance Dose Dosing interval 
(mimin 1.7 3M2) (mg/kg) hours) 
>50 § 8 
29-50) 5 12 
40-25 5 24 
g-10 25 24 
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Hemodialysis: for patients who require dialysis, the mean plasma half-life of acyclowy during 
henadialysis is approximately $ hours. This results in a 60% decrease in plasma concentrations 
following a6 hour dialysis period. Therefore, the patient's dosing schedule should be acjusted so that a 
dose is administered after each dialysis. 


Method of Preparation: Each 10 mi vial contains acyclovir sodium equivalent to 500 mg of acyclovir. 
The contents of the vial should be dissolved in 10 mi of sterile water for injection or bacteriostatic water 
fo injection containing benzyl alconol yielding a final concentration of 50 mg/mi of acyclove (pH 
approximately 11). Shake the vial well to assure complete dissolution before measunng and transter- 
rirg each mdividual dose. DO NOT USE BACTERIOSTATIC WATER FOR INJECTION CONTAINING PARA- 
BENS. it is incompatible with Zovirax Sterile Powder and may cause orecipitation. 


References: 1. C.O. Mitchell, et af, Lancet /(8?35} 1389-1392. Jur. 27, 1981. 2. Wade, ef af, Ann. 
in ern. Med 9613): 265-269, Mar 1932. 3.1.0. Meyers, ef al, Ami Med. 730A): 229-235 Jul. 20. 1982. 
4. Data on file, Burroughs Wellcome Co. 5. A. Mindel, et al., Lancet 1(8274). 697-700, Mar 27, 1982. 
§.7.M. Naib, ef al, Cancer Res. 33:1452-1463. 1973. 
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Model #85061 
with CO, Auto-Zero System 


He 


The Heraeus B5061 and B5060 Series 
CO./O. Incubators provide incompara- 
ble performance and features for 
extremely accurate replication of in 
vivo environments. The B5061 CO/O 
includes an exclusive self-adjusting 
Auto-Zero System, permitting precise 
automatic recalibration of the CO, con- 
tent from 0 to 20%. The O, Incubators 
provide even greater accuracy and 
control for differing pO, conditions, and 
can be adjusted between 3 and 95%. 
Both the B5061 and B5060 offer 
modular plug-in electronics, constant 
95% RH, choice of acid-resistant stain- 
less steel or germicidal and fungicidal 
copper inner walls, and easily remov- 
able, non-tilting, stainless steel shelves 
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Model #85060 


Next to in vivo, Heraeus. 


Heraeus Incorporated 

Equipment Division 

Union Hill Industrial Park 

West Conshohocken, PA 19428 

Telephone (800) 441-2554 (In PA (215) 825-6050) 
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provides the most perfect growth environment. 
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Temperature control is within + ® 
Heating elements are located outside 
of the inner chamber, preventing the 
formation of condensation on the glass 
doors and chamber ceiling. This elim 
nates the risk of condensate dropping 
onto the cultures 

West Germany's finest Incubator 
manufacturing technology assures the 
high quality performance of Heraeus 
Incubators 

Before considering the purchase of 
a CO, or O, Incubator, you should find 
out more about the Heraeus B5061 
and B5060 Series, as well as ot 
other fine Incubation Systems and 
accessories. For a copy of our bro 
chure, call or write today. 
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W.C. Heraeus GmbH 

Produktbereich Elektrowarme 

P.O. Box 1553 

D-6450 Hanau 1, Fed. Rep. of Germany 
Telephone: (06181) 35-1 

Telex: 415 202-31 hud 
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‘Todays IGIV. 


Dont settle for less. 







































For immunodefti- 
ciency syndromes: 
aggressive protec- 
tion against 
infection 

Patients without l 
sufficient levels 
of antibodies face 
overwhelming 
infection, and they need 
help. Infusion with 
GAMIMUNE'N gives IGIV thats at 

least 987 pon 


these patients the edge 
tamt may make tae gamma globulin 
Cutter’s fractionation 
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difference: antibodies 
against major bacterial, 


viral and fungal method (Cohn-Oncley 
pathogens...in just 6 & 9) contains all the 
minutes. necessary steps to 
produce high purity 
For both chronic immune globulin. 
and acute ITP GAMIMUNE'N 


contains no foreign 
contaminants, no 
detectable levels of 
| protein aggregates or 
rasoactive enzymes.” 
With GAMIMUNE* N 
you get what you expect 


in children and 
adults: rapid 
elevation of 
platelet levels 
GAMIMUNE'N 
may initiate a therapeutic 














increase in platelets a yer IGIV containing al 
in both children and | least 98% pure gamma 
adults with idiopathic globulin. ' 
thrombocytopenic 

purpura (ITP).'* ~ 

Treatment with = suse Gotan 

GAMIMUNE'N has s “aoe $ 


une’ N 


enabled some ITP 
patients to undergo 
major surgery.’ 
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AMIMUNE IN 


Immune Globulin 
Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 
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| Documented in 
: | vitro inactivation 


of HTLV-II virus 


‘The Cohn-Oncley process used 
to produce Gamimune*N has 
been challenged in vitro with 
a virus spike of 1 x 10° TCID 
(Tissue Culture Infectious 
Doses) of HTLV-II] and found 
to remove and/or inactivate the 


‘Todays simple, 
economical IGIV: 
the only ready- 
to-use liquid | 
Dose for dose, 
GAMIMUNE 'N saves 
money by eliminating 
valuable recanstitution 
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á Native IGIV viral challenge. In addition, irtist’s interpretation of HTLV-II riru time in the pharmacy. 
an Gamimune*N undergoes an Gram for gram of | 
GAMIMUNE’ N is | incubation step as a final Sage MIMUNE®N. 
manufactured without container which has been shown pr otein, GAMIMI i E? | 
, 48 ha to effect an additional l x 10” to IS affordable: there is no 
chemical modification. 1 x 10‘ TCID (Tissue Culture is ft 
“hi ataa Tinsel $ premium price for 
This means Infectious Doses) reduction of TODAY'S IGTV 
~ x TLV- = . 
GAMIMUNE” N ate 


antibodies maintain 
normal opsonization 
capacity, have a normal 
distribution of IgG 
subgroups and provide 
the immunologic activity 
of normal plasma. ' 


*It is not possible to predict which 
patients with ITP will respond to 
therapy. 

In patients who respond to therapy, a 
nse in platelet count ts generally rapid 
(within 1 to 5 days), transient (most 
often lasung from several days to 
several weeks) and should not be 
considered curative. 





From the original IGIV todays IGIV..it offers more 


Please see following page for brief summary of prescribing information. 


Gamimune N 


immune Globulin 
Intravenous (Human) 5% 
(in 10% Maltose), pH 4.25 


CLINICAL PHARMACOLOGY 

Gamumune® N supplies a broad spectrum of opsonic and neutralizing igG antibodies for 
the prevention or attenuation of a wide variety of infectious diseases. As Gamimune® Nis 
administered intravenously, essentially 100% of the infused IgG antibodies are immed 
ately available in the recipient's circulation A relatively rapid fallin serum igG tevel in the 
first week post-infusion is to be expected; this decrease averages 50% of the peak level 
achieved immediately post-infusion and is mainly due to the equilibration of IgG between 
the plasma and the extravascular space. The in vivo half-life of Gamimune™ N equais or 
exceeds the three week halflife reported for IgG in the literature, but individual patient 
variation in half-life has been observed. Thus, this variable as weli as the amount of 
immune globulin administered per dose is important in determining the frequency of 
administration of the drug for each individual patient. 

The intravenous administratian of solutions of maltose has been studied by several 
investigators. Healthy subjects tolerated the infusions well, and no adverse effects were 
observed at a rate of 0.25 g mattose/kg body weight per hour In safety studies conducted 
by Cutter Biological, infusions of 10% maltose administered at 0.27-0.62 g maltose/kg 
per hour to normal subjects produced either mild side effects fe.g.. headache} or no 
adverse reaction, Following intravenous administrations of maltose. maltose was 
detected in the peripheral blood, there was a dose-dependent excretion of maltose and 
glucose in the urine and a mid diuretic effect. These alterations were weli tolerated with 
out significant adverse effects. The highest recommended infusion rate. 0.08 mi/kg 
body weight per minute {see DOSAGE AND ADMINISTRATION). is equivalent to 0.48 g 
maltose/kg body weight per hour. 

The buffer capacity of Immune Globulin: Intravenous (Human) 5% Gn 10% Maltose), pH 
4.25-—-Gamimune® N is 16.5 mEg/L (~ 0.3 mEQ/g protein): a dose of 150-400 mg/kg (3-8 
mis‘kg) body weight therefore represents an acid load of 0.0495-0.1320 mEq/kg body 
weight, The total buffering capacity of whole blood in a normal individual 1s 45-50 mEq/L 
of blood, or 3.6 mEq/kg body weight. Thus, the acid load delivered tn the largest dose of 
Gamimune® N would be neutralized by the buffering capacity of whole blood alone, even if 
the dose were infused instantaneously, (An infusion usually lasts several hours.) 

in Phase | human studies, no change im arterial blood pH measurements was detected 
following the intravenous administration of Gamimune® N at a dose of 150 mg/kg body 
weight: following a dose of 400 mg/kg body weight in 37 patients, there were no cinically 
important differences in mean venous pH or bicarbonate measurements in patents who 
received Gammune” N compared with those who received 4 chemically modified mtra- 
venous immunoglobukn preparation witha pH of 6.8. 

in patients with limited or compromised acid-base compensatory mechanisms, consid- 
eration should be given to the effect of the additional acid load Gamimune* N might 
present. 

INDICATIONS AND USAGE 

Immunodeficiency Syndromes: Gamimune* N 1s indicated for the maintenance treat. 
ment of patients who are unable to produce sufficient arnounts of IgG antibodies. Usage 
of Gamimune™ N may be preferred to that of intramuscular immunoglobulin preparations. 
especially in patients who require an immediate increase in intravascular immunoglobulin 
levels, in patients with a small muscle mass, and in patients with bleeding tendencies in 
whom intramuscular injections are contraindicated it may be used in disease states such 
as congenital agammagiobulinemia (e.g. X-linked agammagiobulinemia), common varia 
bie hypogammaglobulinema, X-bnked immunodeficiency with hyper IEM and in severe 
combined immunodeticiency. 

idiopathic Thrombocytopenic Purpura (ITP): investigations in both chidren and adults 
have shown that Gamimune” N may mitiate a therapeutic increase in the platelet count. in 
clinical studies of Gamimune”® N, five of six (83.3%) children and 10 of 16 (62.5%) adults 
with acute or chranic ITP demonstrated clinically significant increments in the platelet 
count during or following an initial treatment course with Gamimune* N at a dose of 400 
mg/kg body weight dady for five days. The duration of the platelet rise following treatment 
of ITP with Gamimune”®™ N was variable, ranging from several days up to 12 months or 
more. Several ITP patients demonstrated continuing responsiveness over many months 
to intermittent Gamumune” N 400 mg/kg sody weight single dose mamntenance Courses. 
Two of three children with acute ITP treated with Gammmune™ N rapidly went into complete 
remission. However, chidhood ITP may respond spontaneously without treatment. Four 
patients with refractory ITP were able to undergo major surgical procedures as a result of 
the rapid rise in platelet count associated with Gamimune* N treatment. 

in addition, one patient with severe thrombocytopenia due to post-transfusion purpura 
(PLA alloummune antibody with platelet anti PL specificity) also responded to treatment 
with Gamimune™ N, at a dose of 400 mg/kg body weight daily for 5 days, there was 4 rapid 
rise in the platelet count commencing on the third day of treatment. 

itis presently not possible to predict which patients with ITP will respond to therapy. 
although the increase in platelet counts in children seems to be better than that of aduits. 
In clinical situations in which a rapid rise in platelet count is needed to control bleeding or 
to allow a patient with ITP to undergo surgery, administration of Immune Globulin Intra- 
venous (Human) 5% fin 10% Maltose), ph 4.25—Gamimune™ N should be considered, in 
patients in whom a response is achieved, the rise of platelets is generally rapid (within 1-5 
days), transient (most often lasting from several days to several weeks) and should not be 
considered curative. in some patients who relapse. a maintenance dose of Garmumune* N 
administered every several weeks may be of benefit once the platelet count decreases to 
clinically hazardous levels {see DOSAGE AND ADMINISTRATION). 

CONTRAINDICATIONS 

Garmmune™ Nis contraindicated in individuals who are known to have had an anaphylactic 
or severe systemic response to immune Globulin (Human). Individuals with selective IgA 
deficiencies who have known antibody against IgA (ant-igA antibody} Should not receive 
Gamimune™ N since these patients may expenence severe reactions to the IgA which may 
be present. 


WARNINGS 
Gaminune®* N should be administered only intravenously as the intramuscular and subcu- 
taneous routes have not been evaluated. 

Gamimure® N may. on rare occasions, Cause a precipitous fall in blood pressure and a 
Clrueal picture of anaphylaxis. even when the patent is not known to be sensitive to 
immune sicbulin preparations. These reactions may be related to the rate of infusion. 
Accordingly, the infusion rate given under DOSAGE AND ADMINISTRATION shauid be 
closely follcwed. at least until the physician has had sufficient experience with a given 
patient. The patients vital signs should be monitored contunuously and careful observa- 
ton made for any symptoms throughout the entire infusion. Epinephrine should be avat- 
atie for the treatment of an acute anaphylactic reaction, 

PRECAUTIONS 

General: Any vial that has been entered should be used promptiy. Partially used vials 
should be discarded. Do not use if turbid. Solution which has been frozen shouid not 
be used. 

Drug interactions: if dilution is required, Gamumune™ N ray be diluted with 5% dextrose 
in water (D5/W). No other drug interactions or compatibilives have been evaluated. it is 
recommended that infusion of Gamimune® N be given by a separate line, by itself, without 
mong with other intravenous fluids or medications the patient mugnt be receiving. 
Pregnancy Category ©: Animal reproduction studies have not been conducted with 
Gamimune™ N. it?s not known whether Gamimune® N can cause fetal harm when admin- 
istered to a pregnant woman or can affect reproduction capacity. Gamimune®™ N should 
be given to 3 pregnant woman only if clearly needed. 

ADVERSE REACTIONS 

ina study of 37 patients with immunodeficiency syndromes recerving Gamimune® N ata 
monthly dose of 400 mg/kg body weight. reactions were seen in 5.2% of the infusions of 
Gamimune® N. Symptoms reported with Gamimune™ N included malaise, a feeling of 
faintness, fever chilis, headache, nausea, vomiting, chest ughtness, dyspnea and chest. 
back or hip 2a). in addition. mild erythema folowing infiltration cf immune Globulin intra- 
venous (Human) 5% fin 10% Maltose;, pH 4.25--Gamimune® N at the infusion site was 
reported in Some cases. 

in furthes studies of Gamimune™ N in the treatment of both adult and pediatric patents 
with ITP systemic reactions were noted in only 4 of 154 (2.6%) infusions, and all but one 
occurred at rates of infusion greater than 0.04 mL/kg body weight per minute. The symp- 
toms reported included chest lightness, a sense of tachycardia (pulse was 84 beats per 
minute), and a burning sensation in the head: these symptoms were ali mild and transient, 
Erythema, pain, phlebitis. or eczematous reactions at the infusion site were also reported 
fotiowing ir fusion of Gamimune”® N to adult ITP patents. These reactions occurred in 
13.6% of tre infusions of Gamimune” N and in 43.8% of the adult ITP population. No 
pediatric patients experienced localized reacuions at the infusion site. 

in the sti dies undertaken to date, other types of reactions have not been reported with 
Gamimune® Ni it may be. however that adverse effects will be simular to those previgusiy 
reported wth intravenous and intramuscular immunoglobulin admunistration. Potential 
reactions, herefore. may also include anxiety flushing, wheezing, abdominal cramps. 
myalgias, arthralgia, and dizziness; rash has heen reported only rarely. Reactions to intra: 
venous immunoglobulin tend to be reiated to the rate of infusion. 

True anaahylactic reactions to Gamimune®* N may occur in recipients with documented 
prior histones of severe allergic reactions to intramuscular immunoglobulin, but some 
patients may tolerate cautiously aaministered intravenous inmunogiobulin without 
adverse effects. Very rarely an anapnylactaid reaction may occur in patients with no prior 
story OF severe allergic reactions to either intramuscular or intravenous 
amnmunogicbulin, 

DOSAGE AWD ADMINISTRATION 

immunodeficiency Syndromes: The usual cosage of Gamumune* N for prophylaxis in 
immunodeficiency syndromes is 100-200 mg/kg (2-4 mL/kg) of body weight adminis- 
tered approximately once a month by intravenous infusion. if the clinical response is 
inadequate, or the level of IgG achieved in the circulation is feit to be insufficient, the 
dosage may be given more frequentiy or increased as high as 40O mg/kg (8 mL/kg) 
body weigpt. 

idiopathic Thrombocytopenic Purpura: An increase in platelet count has been observed 
wi chidren and some adults with acute or chronic ITP receiving Gammmune®™ N, 400 mg/kg 
bady weight daily for five days. A response usually occurs within several days and is main- 
tained for é variable period of ime. In Zenerai a response is seer less often in adults than 
m chidren. in patients who have shown a response, a maintenance dose of Gamimune®™ N 
of 400 mg“kg body weight administered as a single dose every several weeks may be of 
benefit once the pistelet count decreases to clinically hazardous levels, 

Investigé tions indicate that Gamimune® Nts well-tolerated and fess fikely to produce 
side effects when infused at the indicated rate. its recommended that Gamimune® N be 
infused by ‘tseif at a rate of 0.01 to 0.02 mLAkg body weight per minute for 30 minutes, tf 
well tolera-ed, the rate may be gradually increased to a maximum of 0.08 miskg body 
weight per minute. If side effects occur the rate may be reduced, or the infusion inter- 
rupted unti symptoms subside. The infusion may then be resumed at the rate which is 
camfortab e for the patient. 

Parenteral drug products should be inspected visually for particulate matter and discoi- 
oration prior to administration, whenever solution and container permit, 

US. license No. & 





REFERENCES: 1. GAMIMUNE® N Product License Application. 2. Lundblad JL, Mitra G. 
Steinberg VIM. et al: Comparative studies of impurities in intravenous immunoglobulin 
preparations. Rev infect Dis 1986; 8 Uul~Aug): 9382—5390. 3, Mitra G, Wong MF. Mozen 
MM. et al: Elimination of infectious retroviruses during preparation of immunoglobulins. 
Transfusion 1986: 26/4} 394-397. 
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The first troche treatment 
for oropharyngeal 
candidiasis. 


Before treatment ' 





High clinical cure’ rates. Good patient acceptance, 
A clinical cure rate of 96% was achieved in minimal side effects. 


MY SE ea mar > which With MYCELEX Troche, messy suspensions 
CELEA troche was administered to and lengthy swishing are things of the past 


patients with oropharyngeal candidiasis. MYCELEX Troche hasa ple sant. slightly 
Orher investigators have concluded that 


MYCELEX Troche “is highly eftective 


treatment for chronic oral candidiasis. ”? 


sweet taste. And an entire day's therapy 
5 troches—can easily be carried in pocket 
OF purse 


Based on a study of 52 episodes of 


Dramatic improvement oropharyngeal candidiasis, the investigators 
in symptoms. stated: “We believe that the (TOC he torm of 


clotrimazole...in the treatment of thrush in 
any patient population...is both effective 
and safe.” 


Patients attain a high degree of relief at the 
end of therapy, as evidenced by the dramatic 
decrease in severity of glossitis, patches, 
perleche, pain, and other clinical signs and 
symptoms of thrush. 4 


“mt à : 
(_imnical Cure 1s defined as absence of sig! 


ct the Giscase 


See adjacent page for summary se ai ribing information, 
including contraindications and adverse reactions. 
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for oropharyngeal 
candidiasis. 





MYCELEX® (clotrimazole) TROCHE 


Indications and Usage: Myceiex Troches are indicated 
for the local treatment of oropharyngeal candidiasis. 
The diagnosis should be confirmed by a KOH smear 
and/or culture prior to treatment. 

Contraindications: Mycelex Troches are contra- 
indicated in patients who are hvoersensitive to any of 
the components. 

Warning: Mycelex Troches are not indicated for the 
treatment of systemic mycoses. 

Precautions: Abnormal liver function tests have been 
reported in patients treated with clotrimazole troches; 
elevated SGOT levels were reported in about 18% of 
patients in the clinical trials. in most cases the eleva- 
tions were minimal and it was often impossibie to 
distinguish effects of clotrimazoie from those of other 
therapy and the underlying disease (malignancy in 
most cases). Periodic assessment of hepatic function is 
advisable particularly in patients with preexisting 
hepatic impairment. 

Since patients must be instructed to allow each 
troche to dissolve siowly in the mouth in order to 
achieve maximum effect of the medication, they must 
be of such an age and physical and/or mental 
condition to comprehend such instructions. 

Carcinogenesis: An 18-month dosing study with 
clotrimazole in rats has not revealed any carcinogenic 
effect. 

Usage in Pregnancy: Pregnancy Category C: 
Clotrimazole has been shown to be embryotoxic in 
rats and mice when given in doses 100 times the 
adult human dose (in mg/kg), possibly secondary to 
maternal toxicity. The drug was not teratogenic in mice, 
rabbits, and rats when given in doses up to 200, 180, 
and 100 times the human dose 

Clotrimazole given orally to mice from nine weeks 
before mating through weaning at a dose 120 times the 
human dose was associated with impairment of mating, 
decreased number of viable young, and decreased 
survival to weaning. No effects were observed at 60 
times the human dose. When the drug was given to rats 
during a similar time period at 59 times the human 
dose, there was a slight decrease in the number of pups 
per litter and decreased pup viability, 

There are no adequate and well-controlled studies in 
pregnant women. Clotrimazole troches should be used 
during pregnancy only if the potential benefit justifies 
the potential risk to the fetus. 

Pediatric Use: Safety and effectiveness of clotrimazole 
in children below the age of three years have not been 
established; therefore, its use in such patients is not 
recommended. 

Adverse Reactions: Abnormai liver function tests have 
been reported in patients treated with clotrimazole 
troches; elevated SGOT levels were reported in about 
15% of patients in the clinical trals (see Precautions 
section). 

Nausea and vomiting was reported in about one in 
20 patients. 

Dosage and Administration: Myceiex Troches are 
administered only as a lozenge that must be dissolved 
slowly in the mouth. The recommended dose is one 
troche five times a day for 14 consecutive days. 

Only limited data are available on the safety and 
effectiveness of the clotrimazole troche after prolonged 
administration, therefore, therapy should be limited to 
short-term use, if possible. 

How Supplied: Mycelex Troches—white. discoid, 
uncoated tablets are supplied in bottles of 70 and 140. 
Each tablet will be identified with the following: Miles 
095. 

Store below 86°F (30°C). avoid freezing. 

References: 1. Monies LF. et al: Clotrimazole troches: a 
new therapeutic approach to oral candidiasis. Cutis 
17:277-280, 1976. 2. Yap B-S, Bodey GP: Oropharyngeal 
candidiasis treated with a troche form of clotrimazole. 
Arch Intern Med 139:656-657, 1979. 3. Kirkpatrick CH, 
Alling DW: Treatment of chronic oral candidiasis 

with clotrimazole troches: a controled clinical trial. 

N Eng! J Med 299:1201-1203, 1278. 4. Data on file. 
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SIX WARNING 

SIGNS OF 

KIDNEY RELATED 

DISEASES 
Burning or 
difficu 
durin 
urination 
More 
frequent 
urination, 
particulariy 
at night 

On Passage 


| { \ fbi = 
Oy aiblooty 


() NO ~ urine 


Puffiness 
around eyes, 
swelling of 
hands and feet, 
nen in 
children 


Pain in 

small of back 
just below 

the ribs 

(not aggravated 
by movement) 


High Blood 
55) Pressure 





For further information contact: 





National Kidney Foundation of New York, Inc. 
432 Park Avenue South 
New York, NY 70015 
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-a breakthrough 
~ Inhairy cell leukemia 


O Effective in all stages of g SC or IM injection and fixed 
the disease. dosing permit administration 
O Statistically increased survival without weight or body surface 


compared to a historical aea n home, 
control group. 


: O Caution patients not to change 
£ Normalizes brands of Interferon without 





peripheral blood elements. medical consultation, as a change 
O Improves quality of life. in dosage may result. 
O Dramatically decreases O Common initial side effects, such 
the need for red blood cell and as fever, chills, myalgia, headache 
platelet transfusions. and fatigue, are self-limiting and 


generally manageable. Myelosup- 
pression, which can occur early 
in the treatment course, warrants 
close clinical and labora- 
tory observation and is 
usually alleviated by dose 
reduction or temporary dis- 
continuation of drug. Per- 
sistent fatigue is found to be 
less troublesome with p.m. 
or h.s. administration. 


O Virtually eliminates life-threaten- 
ing opportunistic infections 
after several months of therapy. 


_] Ready-to-use injectable 
solution—no mixing 
or reconstitution. 


O Also available in 
sterile powder for 
injection with 
diluent for 
reconstitution. 
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3 million IU vial (3 million IU/ML) Stenle Powder for Injection 
18 million IU vial (3 million 10/05 mL) 18 million IU and 3 mL diluent for reconstitution (3 million 10/0.5 mL) 


® 
see 


alta2a recombinant/Roche 
a promise fulfilled 


SC/IM 






nterteron 


Before prescribing, please see complete product information on following pages. 


ROFERON “-A (interferon alta-2a, recombinant Roche) 


in their early to midietal penod (days 22 to 70 of gestation). A late-tetal penod 
Study (days 79 to 100 of gestation) ts in progress and as yet there have been no 
reports of any increased rate of abortion 

Usage in Pregnancy: Safe use in human pregnancy has not been established 
Therefore, Roteron-A should be used during pregnancy only if the potential 
benefit justifies the potential risk to the fetus. Information from primate studies 
showed dose-related menstrual irregularities and an increased incidence of 
spontaneous abortions. Decreases in serum estradiol and progesterone con- 
centrations have been reported in women treated with human leukocyte inter- 
feron.4 Therefore, fertile women should not receive Roteron-A unless they are 
using effective contraception during the therapy period 

Male fertility and teratologic evaluations have yielded no significant adverse 
effects to date 

Nursing Mothers: it is not known whether this drug is excreted in human milk 
Because many drugs are excreted in human milk and because of the potential 
lor serious adverse reactions in nursing infants from Roteron-A, a decision 
should be made whether to discontinue nursing or to discontinue the drug, taking 
into account the importance of the drug to the mother 

Pediatric Use: Safety and effectiveness in children under 18 years of age have 
not been established. 

ADVERSE REACTIONS: The following data on adverse reactions are based on 
the subcutaneous or intramuscular administration of Roferon-A as a single agent 
for the treatment of 63 patents with hairy cell leukemia during investigational 
trials in the United States 

Fiu-like syndromes consisting of fatigue (89%), fever (98%), chills (64%), myat- 
gias (73%) and headache (71%) occurred in the majority of patients and tended to 
diminish with continuing therapy. Other side effects such as anorexia (46%), 
nausea (32%), emesis (10%), diarrhea (29%), dizziness (21%), rash (18%), 
change in taste (13%), dr of inflammation of the oropharynx (16%), dry 
skin or pruritus (13%) weight loss (14%) were observed with moderate 
frequency. Less commonly, diaphoresis (8%), paresthesias (6%). numbness 
(6%), partial alopecia (8%). reactivation of herpes labialis (8%), transient impo- 
tence (6%) and arthralgias (5%) were also observed. Rarely (3%), central 
nervous system effects including decreased mental status, depression, visual 
disturbances, sleep disturbances and nervousness, as well as Cardiac adverse 
events, including hypertension, chest pain, arrhythmias and palpitations. were 
reported. Adverse experiences which occurred rarely and may have been related 
to underlying disease, included epistaxis, bleeding gums, ecchymosis and 
petechiae. Miscellaneous adverse events, such as night sweats, urticaria, con- 
junctivitis and inflammation at the site of injection, were also rarely observed 
Rotferon-A has also been evaluated for the treatment of many other types of 
cancer under investigational trials in the United States. These studies generally 
utilized higher doses (12 to 50 million IUim?). All of the previously described 
adverse reactions which occurred in patients with hairy cell leukemia were also 
observed in patients receiving higher doses. The incidence of most adverse 
reactions was similar between the two groups, but tended to be more severe in 
patents who received higher doses of on-A. Some additional adverse 
effects which occurred in these patients included contusion (10%). hypotension 
(6%), lethargy (3%) and edema (3%). Adverse experiences occuring in less 
than 1% of these patients and observed only in patients with malignancies other 
than hairy cell leukemia are as follows: Gastrointestina/— abdominal tuliness, 
hypermotility and hepatitis; Central Nervous System it disturbance, poor 
coordination, hallucinations. syncope, seizures, thy. psychomotor 
retardation, coma, stroke, transient ischemic attacks, aphasia, aphonia, 
dysarthria, dysphasia, forgetiuiness, amnesia, sedation, apathy, anxiety, emo- 
tional lability, irritability, hyperactivity, involuntary movements, claustro a 
and loss of libido: Peripheral Nervous System—muscie contractions; Cardio- 
vascular—congestive heart failure, pulmonary edema, myocardial infarction, 
Raynaud's phenomenon and hot flashes; Pulmonary—bronchospasm and 
tachypnea, Miscellaneous—excessive salivation and flushing of skin 
Abnormal Laboratory Test Values: The percentage of patients with hairy cell 
leukemia or with other types of malignancies who expenenced a significant 
abnormal laboratory test value at least once during their treatment is shown in 
the following table 


ABNORMAL LABORATORY TEST VALUES 


Hairy Cell Overall 
Leukemia Satety Summary* 
(n = 63) (n = 1019) 

Hematologic 
Leukoperia 59% 69% 
Neutropena 39% 58% 
Thrombocytopenia 42% 42% 
Decreased Hemoglobin %o 6.3% 
Decreased Hematocrit 43% 12.5% 
Mean Time to Nadir 

WBC 38 days 22 days 

Platelets 19 days 17 days 
Hepatic 
SGOT 47% 78% 
Alkaline Phosphatase 18% 48% 
LDH 12% 47% 
Bilirubin 1.6% 31% 
Renal! Urinary 
BUN 2% 10% 
Serum Creatinine 3% 10% 
Uric Acid" 6% 15% 
Proteinuria’ 10% 25% 
Other Chemistry Tests 
Hypocaicemia 10% 51% 
Elevated Serum Glucose? 33% 39% 
Elevated Serum Phosphorus 2% 17% 


*Patients with hary cell leukemia are included in this overall summary 
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patients (3.4% for patients with hairy cell leukemia). No clinical sequelae of their 
presence have been documented thus tar. Antibodies to human leukocyte inter- 
teron may occur spontaneously in certain clinical conditions (cancer, systemic 





ROFERON”-A (interferon alfa-2a, recombinant Roche) 


lupus erythematosus. herpes zoster) in patients who have never received exo- 
enous interferon $ 
DOSAGE AND ADMINISTRATION: Hairy Cell Leukerna— The induction dose 
of Roferon-A is 3 million IU daily for 16 to 24 weeks, administered as a subcuta 
neous or intramuscular injection. Subcutaneous administration is particularly 
advisable for, but not limited to. thrombocytopenic patients (platelet count 
50.000) or tor patients al risk for bleeding. The recommended maintenance 
dose is 3 million IU. three times per week sage reduction by one-halt or 
withholding of individual doses may be needed when severe adverse reactions 
occur The use of doses higher than 3 million IU is not recommended 
Patients should be treated for approximately six months before the physician 
determines whether to continue therapy in patents who respond or discontinue 
therapy in patients who did not respond. Patents with hairy cell leukerna have 
been treated for up to 20 consecutive months. The optimal duration of treatment 
tor this disease has not been determined 
if severe reactions occur, dosage should be modified (50% reduction) or therapy 
should be temporarily discontinued until the adverse reactions abate The need 
tor dosage reduction should take into account the effects of prior X-ray therapy 
or chemotherapy that may have compromised bone marrow reserve The mini 
mum effective dose of Roferon-A has not been established 
The subcutaneous or intramuscular routes of administration should be used 
Subcutaneous administration ts particularly suggested for. but not limited to 
patients who are thrombocytopenic (platelet count < 50,000) or who are at risk 
lor bleed: 
Inectable Solution 
3 million IU Roferon-A per viai—Each 1 mL contains 3 million IU of 
inter teron alfa-2a, recombinant/Roche, 9 mg sodium chloride. 5 mg Albumin 
(Human) and 3 mg phenol as a preservative 
18 million IU Roferon-A per vial —Each 1 mL contains 6 milion IU of 
interferon alfa-2a, recombinant Roche, 9 mg sodium chionde, 5 mg Albumin 
(Human) and 3 mg phenol as a preservative. Each 0.5 mL contains 
3 milhon IU of Interferon alfa-2a. recombinant Roche 
Sterile Powder for injection 
18 million IU Roferon-A per vial —Reconstitute with 3 mL diluent and swirl 
gently to dissolve. When reconstituted with Diluent for Roteron-A, each 
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cost charged to the contributor. 
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ately numbered. Table legends should be typed on the same 
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extravascular fluid until approximately half of the 
total body pool is partitioned in the extravascular 
space. A rapid initial drop in serum levels is, 
therefore, to be expected.2 
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immunodeficiencies.4.5 
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contraindicated. 
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Globulin Intravenous (Human), GAMMAGARD can 
cause fetal harm when administered to a pregnant 
woman or can affect reproduction capacity. Immune 
Globulin intravenous (Human), GAMMAG6ARD should 
be given to a pregnant woman only if clearly needed. 


ADVERSE REACTIONS 

The incidence of untoward reactions to Immune 
Globulin Intravenous (Human), GAMMAGARD is low, 
although various minor reactions, such as head- 
ache, fatigue, chills, backache, lightheadedness, fever 
and nausea may occasionally occur. The incidence 
of these reactions during the clinical trials was less 
than 6%. Slowing or stopping the infusion usually 
allows the symptoms to disappear p-omptly. 

Immediate anaphylactic and hypersensitivity re- 
actions due to previous sensitization, although they 
have not been observed during the clinical trials, are 
a possibility. Epinephrine should be avaiable for treat- 
ment of any acute anaphylactoid reaction. (See 
WARNINGS.) 


DOSAGE AND ADMINISTRATION 


Antibody Deficiency 

For patients with primary immunodeficiencies, 
monthly doses of at least 100 mg/kj are recom- 
mended. Initially, patients may receive 200-400 
mg/kg. As there are significant diffe-ences in the 
half-life of IgG among patients with primary im- 
munodeficiencies, the frequency and amount of im- 
munoglobulin therapy may vary frcm patient to 
patient. The proper amount can be cetermined by 


monitoring clinical response and/or the serum IgG 
levels before each dose, to insure that they do not 
drop below 500 mg/dL. 


Rate of Administration 

it is recommended that initially a rate of 0.5 mL/kg 
per Hr be used. if infusion at this rate causes the 
patient no distress, the administration rate may be 
gradually increased but should not exceed 4 mL/kg 
per Hr. 

A rate of administration which is too rapid may 
cause flushing and changes in pulse rate and blood 
pressure. Slowing or stopping the infusion usually 
allows the symptoms to disappear promptly. 


Administration 

immune Globulin Intravenous (Human), 
GAMMAGARD should be administered as soon after 
reconstitution as possible. Administration shouid not 
begin more than 2 hours after reconstitution. 

The reconstituted material shouid be at room 
temperature during administration. 

Parenteral drug products should be inspected 
visually for particulate matter and discoloration prior 
to administration, whenever solution and container 
permit. 

Follow directions for use which accompany the ad- 
ministration set. If a Hyland set is not used, make 
sure the administration set contains an adequate filter 


How Supplied 
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GAMMAGARD is supplied in either 2.5 g or 5.0 g 
single use vials. Each vial of Immune Globulin Intra- 
venous (Human), GAMMAGARD is furnished with 
a Suitable volume of Sterile Water for Injection, USP. 
a transfer device and an administration set which 
contains an integral airway and a 15 micron filter. 
Storage 

Immune Globulin intravenous (Human), 
GAMMAGARD should be stored under ordinary 
refrigeration, (2 to 8 °C, 36 to 46 °F), Freezing should 
be avoided to prevent the diluent bottle from breaking. 
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What Is It? 


A series of comprehensive, 
advanced, one day Hemostasis 
Wet Workshops presented by 
Helena Laboratories. The session 
will include lectures on the PFI 
(Proenzyme Functional Inhibitor) 
Index, platelet aggregation and 
chromogenic substrates as well as 
hands-on training with AT-HI. 
Workshop participants will 
perform the COATEST® 
Antithrombin Chromogenic Assay 
using Microtiter plates. This pro- 
cedure is just one demonstration 
of cost reduction with advanced 
technology for your lab. 


Why Should I Attend? 
These key topics will be covered. 


Chromogenic Substrates — 

We will discuss the clinical applica- 
tions of chromogenic substrates. 
As chromogenic substrate re- 
search progresses new products 
become available for the clinical 
lab. These new substrates allow 
the coagulation laboratory to per- 
form sensitive, specific assays for 
various components of the hemo- 
static system. 

AT-III Microplate Procedures — 
Hands-on training with AT-HI, 
levels can be measured easily with 
the COATEST Antithrombin Kit. 
The kit utilizes chromogenic 
substrate methodology to detect 
the conversion of pNA by throm- 
bin spectrophotometrically. For 
greater efficiency, it can be 
automated on most centrifugal 
analyzers or run in microtiter 
plates. 

NEW 

PFI Index — A lecture and slide 
series on a new diagnostic tool for 
management of intensive care 
patients. The use of the Pro- 
enzyme Functional Inhibitor (PFD 
Index allows the clinician to iden- 
tify high-risk patients, obtain 





prognostic information, and judge 
therapeutic effectiveness. 


NEW 


COA-SET Assays — KabiVitrum 
chromogenic substrates contribute 
greatly to the investigation of 
coagulation and fibrinolysis. Two 
new assays, COA-SET t-PA/t-PA 
Inhibitor and COA-SET Protein C 
will be discussed. 


Platelet Aggregation — See the 
only aggregometer with a 4 color 
printer, making interpretation sim- 
ple. Helena’s Monitor IV PLUS 
Platelet Aggregation Recorder, 
features the ease and accuracy of 
automated 4 channel aggregation, 
and a 7 inch CRT for data entry 
display and preview. 


NEW 


Helena “Q.I.C” Bleeding 
Time Device — We'll introduce 

a new bleeding time procedure 
and discuss the diagnostic value 
of bleeding time testing for 
platelet defects and some vascular 
disorders. 


1987 Helena Hemostasis 
Advanced Wet Workshops 


Guest Speaker — A represen- : 
tative from KabiVitrum in Sweden | 
will be joining us again this year in 
our presentation of the Advanced 
Hemostasis Wet Workshops. This 
will be an excellent opportunity 
for you to meet and talk with one 
of the scientists who formulate 
and stand behind the innovative 
technology of chromogenic 
substrates. 


How Do I Get More 
Information? 


All laboratory professionals 
(managers, supervisors, 
technologists, pathologists, 
hemotologists and coagulation 
researchers) are welcome. For 
more information call our 
Workshop Registrar toll free 
800-231-5663. In Texas, 
800-392-3126. 
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Protein Kinase C and the Activation of the Human Neutrophil NADPH-Oxidase 


By Alfred |. Tauber 


HE NEUTROPHIL leads a short but dynamic life. 
Attuned to the vagaries of surveillance and destruction, 
it has developed a complex functional repertoire: Chemotax- 
is, adherence /aggregation, phagocytosis, degranulation, and 
oxidative burst require multi-component modes of response 
which, although highly integrated, may also be studied in 
dissected form.'* The problem of signal transduction is a 
major focus of current study in cell biology, and the neutro- 
phil has become a model of such inquiry, as attention to its 
various activities has discerned the outlines of its informa- 
tional response pathways. Within this context, | wish to 
review the current understanding of the activation mecha- 
nism of the respiratory burst enzyme, nicotinamide adenine 
dinucleotide phosphate (NADPH)-oxidase, as a paradigm of 
neutrophil secretory systems. This activity, defective in 
chronic granulomatous disease (CGD), is the principal 
defense against a wide variety of bacteria, and thus serves a 
crucial role in normal host defense.*’ That a normal respira- 
tory burst is dependent on appropriate receptor function, 
intact activating pathways, and an integral NADPH-oxidase 
(which in itself is multicomponent), predicts multiple sites 
at which a biochemical lesion may arrest the complex 
cascade. With recent studies in broken cell systems, impor- 
tant insights into the sequence of activation steps required for 
normal neutrophil response have been made. By tracing 
exogenous agonist-induced stimulation of the NADPH- 
oxidase, the basic elements of the activation sequence are 
now discerned. 

The human neutrophil has several well-defined receptors, 
including those for various components of C3,'* immunoglo- 
bulin, the formyl-methionyl (FMLP) bacterial peptides,‘ 
and leukotriene B,.'° A recently described receptor is the 
ubiquitous protein kinase C (PK-C), a calcium, phospho- 
lipid-dependent kinase, activated by exogenous phorbol 
esters (eg, phorbol myristate acetate, PMA), and endoge- 
nously by diacylglycerol liberated by the action of phospholi- 
pase or phosphodiesterase.'° The evidence that receptor- 
ligand binding is critical in the activation of the metabolic 
burst is the correlation between ligand binding and biochem- 
ical expression. A receptor-binding linkage to NADPH- 
oxidase activation for PMA has been established.” 
Patients with classically described CGD have not been 
reported to have abnormal receptor affinities as inferred by 
normal chemotactic and phagocytic responses** or phorbol 
ester receptor binding,” but certain patients have demon- 
strated selected responses to various stimuli and thus exhibit 
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a defect in the activation apparatus”; those with either 


congenital”! or acquired defects’ in PMA-induced oxidase 
activation are of particular interest. Thus, CGD, which 
includes all defects of the oxidative metabolic effector sys- 
tem, may be divided into two types: abnormal activating 
mechanisms and abnormalities of NADPH-oxidase.” 

The activation of the human neutrophil by PMA leads toa 
spectrum of responses, including aggregation,” stimulation 
of the respiratory burst, 74" depolarization of the plasma 
membrane,” enhanced phospholipid turnover,” and 
degranulation of specific granules.’ The same constituent of 
the NADPH-oxidase found in the plasma membrane have 
been putatively reported in the specific granule membrane; 
upon PMA stimulation, a subset of these granules is translo- 
cated to the plasma membrane, the site of the active respira- 
tory burst enzyme.***? Of the various stimulus—response~ 
coupled functions defined for the normal neutrophil, I wish to 
focus on those biochemical phenomena related to the PMA 
receptor linked to the expression of NADPH-oxidase. In 
bypassing many associated complex metabolic activities, the 
PK-C system is a promising avenue for elucidating oxidase 
activation, at a site just proximal to the final expression of 
the respiratory burst enzyme. This PK-C dependent pathway 
is not the sole cascade for oxidase activation, however, since 
other soluble agonists and phagocytosed particles may 
bypass PK-C altogether.” Although FMLP bypasses PK- 
C in elicited degranulation and oxidase activation, the che- 
motactic response is reduced by PK-C inhibition.” Defini- 
tion of parallel and cross-over points in the complex hierar- 
chy of the activation process have yet to be discerned, and 
there is only general acknowledgment that more than one 
activation pathway may generate an active oxidase. 

Recent studies have focused on the specificity of PMA for 
PK-C in eliciting a given biologic response. The synthetic 
diacylglycerol, 1!-oleoyl-2-acetylglycerol (OAG), directly 
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stimulates PK-C and mimics PMA stimulation of oxidative 
burst activation.” Although both PMA“ and OAG“ at 
submaximal concentrations exhibit synergism with the cal- 
cium ionophore, A23187, OAG has an apparent calcium 
dependence that PMA lacks.** Another difference in 
response is the enhancement with calcium and arachidonate 
products observed with OAG stimulation, but not found with 
PMA.“ Dramatic functional differences have been 
observed in the HL-60 differentiation model, in which OAG 
totally fails to mimic the PMA-induced maturation of this 
tumor cell line“; this apparent dissociation of PMA and 
PK-C has been confirmed with Bryostatin, another activator 
of PK-C that blocks PMA-induced HL-60 differentiation.” 
Interpretation of these data are difficult, however, because 
another target in addition to PK-C may be involved in this 
system, modulating the PK-C effect. Bryostatin, however, 
like OAG, does induce human neutrophil-specific granule 
release and oxidative burst similar to that of PMA stimula- 
tion.” Phosphorylation products were also similar when 
PMA and Bryostatin were compared in the same system (see 
below); thus, the ambiguity of the role of PK-C in HL-60 is 
not evident in the neutrophil.“ Furthermore, the evidence for 
the role of PK-C in PMA-stimulated neutrophils rests most 
firmly on the reconstitution studies discussed (sic infra). 


PHORBOL ESTER RECEPTOR 


Correlation of phorbol ester’s affinity characteristics to 
activation of the burst established that PMA and its ana- 
logue, phorbol 12,13 dibutyrate (PDBu), stimulated 
NADPH-oxidase through a specific receptor.'”!* Extension 
of studies with intact cells to the subcellular assessment of 
the oxidase demonstrated a similar dose-response activation 
profile." This evidence, linking ligand-receptor binding to 
initiation of the respiratory burst, is important support that 
NADPH-oxidase is indeed the principal enzymatic activity 
of the human neutrophil oxidative metabolic response. Char- 
acterization of the phorbol ester receptor showed that it was 
not susceptible to sulfhydryl reactive reagents, stilbene disul- 
fonic acids, or neuraminidase, which explains the earlier 
findings of a lack of effect of these agents on the generation 
of O,. in PMA-stimulated cells, in contrast to cells stimu- 
lated with opsonized zymosan (OZ). The stimulus speci- 
ficity demonstrated that the inhibition acted on distinct 
plasma membrane receptors and not on an oxidase exposed 
to the extracellular medium. 

Studies of the PMA receptor suggested new approaches to 
defining the unknown pathways leading from receptor bind- 
ing to activation of the oxidase, with the demonstration that 
the phorbol ester receptor is the calctum/phospholipid- 
dependent PK-C.'* In the neutrophil, PK-C exists as a 
cytosolic aporeceptor, with high phospholipid affinity for 
phosphatidylserine (PS). Phorbol esters mimic the elabo- 
ration of endogenous diacylglycerol required for an active 
PK-C complex'**” (Fig 1). Diacylglycerol is generated as 
part of the complex phosphatidylinositol (PI) catabolism, 
which leads to the elaboration of inositol triphosphate, 
important for the release of intracellular calcium, a second 
messenger in diverse stimulus-coupled reactions.” Normally, 
diacylglycerol is almost absent from membranes but is 
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Fig1. Schema of human neutrophil NADPH-oxidase activation 
as discussed in text. PDE, phosphodiesterase; DG, diacylglycerol; 
PLC, phospholipase C; PLA,. phospholipase A,; AA. arachidonic 
acid: PS, ohosphatidylserine; Ins 1,4,5P0,-inositol triphosphate; 
O.,., superoxide; ER, endoplasmic reticulum. The NADPH-oxidase 
is depicted as two adjoining square boxes. 


transiently produced from PI in a signal-dependent manner 
by certain surface membrane receptors.’ The role of PI 
turnover and the accumulation of diacylglycerol has been 
intensively studied in several tissues, and a similar pathway 
has been described in neutrophils.” PK-C activated in this 
manner shows multifunctional catalytic activity and appears 
to play roles in transmembrane control of protein phospho- 
rylation in a variety of mammalian tissues. Phorbol esters are 
able to substitute for the diacylglycerol, and with PS and 
Ca**, PMA directly activates the kinase and probably 
bypasses cyclic AMP- and cyclic GMP-modulated path- 
ways.'°°?*° Thus, it is expected that pertussis toxin, which 
blocks the dissociation of regulatory G proteins and thereby 
inhibits their role in signal transduction,” has no effect on 
PMA-stimulated cells, in contrast to neutrophils activated 
with FMLP.” A caution is raised by the observation that a 
second undefined-G-protein—sensitive site may regulate exo- 
cytosis ir PMA-activated cells,°’ suggesting the complexity 
of neutrcphil response to this single agonist. 

In the presence of optimal phospholipid and phorbol 
esters, the kinase is fully active at 10°’ mol/L of Ca’*, 
implying that the enzyme may be activated without a net 
increase in intracellular Ca?” concentration when the appro- 
priate receptors are stimulated. Indeed, PK-C has been 
reported as active at vanishingly low Ca?* concentrations,“ 
and in PMA-stimulated neutrophils, a rise in intracellular 
calcium is not observed with the fluorescent probe Quin- 
2. Tris observation is based on the use of chemical 
indicator probes that may introduce an observational arti- 
fact. Stimulation of PK-C only with agents (phorbol esters, 
teleocidin) other than diacyglycerol demonstrates this low 
Ca** dependence. Pontremoli and colleagues recently sug- 
gested”? that PMA indeed mobilizes intracellular Ca** but, 
because of concomitant activation of a Ca** extrusion 
pump, a net change in intracellular Ca** is not observed. 
The role of Ca** mobilization in PMA-stimulated neutro- 
phils has also been suggested by the inhibition of O,. 
generation observed with agents that inhibit intracellular 
Ca** mobilization” or calmodulin, ™"* a Ca**-dependent 
regulator of diverse function. These studies have been diffi- 
cult to evaluate because of the nonspecificity of the inhibitors 
used; conclusions as to the role of ancillary Ca’*- 
dependent activities on PMA stimulation of the burst cannot 
as yet be made. Finally, Dougherty and Niedel showed that 
agents which alter cytosolic Ca** levels modulate binding of 
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phorbo! diesters, suggesting a mechanism for the observed 
synergism between subthreshold activation of Ca** and 
PK-C pathways.” In this regard, the low level of recovery 
from broken cells of NADPH-oxidase with the reconstituted 
PK-C system (see below) may be due to omission of other 
metabolic tributaries contributing to PMA-initiated burst 
activation. 

In the case of micromolar concentrations of calcium (a 
physiologic rise in Ca’* induced by many agonists), the 
cytosolic form of PK-C and a Ca’** requiring thiol proteinase, 
calpain, becomes associated with the neutrophil membrane.” 
The activation of calpain converts PK-C to a proteolytically 
modified Ca’* /phospholipid-independent form, both in bro- 
ken cell) preparations and in intact cells stimulated with 
PMA.” Once the translocated PK-C has undergone proteo- 
lytic cleavage to a 65-kd species (from 85 kd), it is released to 
the cytosol in an active form, presumably accessible to other 
protein substrates. Whether oxidase activation requires 
membrane-bound PK-C*!”? remains to be demonstrated in 
the reconstituted system. The data thus far suggest that 
PK-C may be activated by two separate systems with 
different substrate targets, adding a second level of complex- 
ity to the control modulation of C-kinase~mediated func- 
tions. Furthermore, the stability of PK-C binding to the 
membrane appears to vary with the stimulus used.” 

Physiologic control mechanisms have been complicated 
further by the recent findings of Cox and co-workers, who 
demonstrated selective activation of the oxidase with syn- 
thetic diacylglycerols. Of a series of synthetic sm 1,2- 
diacylglycerols, didecanoylglycerol (diC, 9) induced lysoso- 
mal enzyme secretion but failed to stimulate the respiratory 
burst. Unlike other diacylglycerols that competed for all 
phorbol ester binding, diC,, competed for only 45% of the 
binding sites. The data showed a correlation of selective 
PK-C binding with a limited cellular response, and further 
suggested that a discrete pool of PK-C was responsible for 
activation of the NADPH-oxidase. These findings are of 
particular interest in regard to the recent identification of 
multiple, distinct forms of PK-C by cloning techniques.” ® 
The specificity and regulation of response has thus acquired 
a new molecular complexity.”*° Determination of type- 
specific PK-C isoenzymes, with possibly differing activation 
characteristics and target proteins, promises to add a sophis- 
ticated dimension to the study of PK-C. Finally, an endoge- 
nous PK-C inhibitory factor (non-protease, non-phospha- 
tase) associated with the specific granules has been partially 
characterized. Its role, the substrates of the calpain system, 
the putative selective target pools of PK-C, and the subcellu- 
lar localization of activated PK-C require extensive coordi- 
nated study to define physiologic control mechanisms of 
phorbol ester stimulation. 

The rapid flux in lipids, mobilization of arachidonic acid 
(AA) by the activation of phospholipases, and the extensive 
turnover of membrane phospholipids during phagocytosis 
represent associated metabolic activities of the respiratory 
burst.** Inhibitors of phospholipid turnover do inhibit 
chemotaxis and phagocytosis and may interfere in the activa- 
tion sequence of the respiratory burst, >>’ but there is no 
direct evmlence linking phospholipid turnover to activation of 
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the burst by PMA, in contrast to particulate stimulation. 
Phospholipid metabolism accompanies the activation process 
and likely contributes to membrane fluidity changes seen in 
the stimulated cell.****° Changes in total phospholipid com- 
position are both time and stimulus dependent, the most 
dramatic change in PMA-stimulated cells being a net elabo- 
ration of PS noted during the first 3 minutes of stimula- 
tion.” ® That the PMA aporeceptor is cytosolic and has a 
uniquely high affinity for PS, which appears most effective 
for the activated receptor,'*°'** suggests that the PS elabo- 
rated has a functional role for PK-C activity, but the 
mechanism by which PS is elaborated in PMA-stimulated 
cells is not known. 

OZ, which may activate the PI cascade described above,” 
stimulates O,- release by a mechanism distinct from that of 
PMA.” This has been amply demonstrated with neutrophils 
from patients with paroxysmal nocturnal hemoglobinuria’ 
and a congenital neutrophil dysfunctional case, in which 
response to OZ was intact, whereas PMA could not initiate a 
normal respiratory burst. Only recently have some of the 
biochemical parameters of the two agonists been defined 
(Fig 1). PMA differs from OZ stimulation in its susceptibil- 
ity toa PK-C inhibitor (isoquinolinesulfonamide,”’) and the 
lack of PMA-initiated release of radiolabeled AA ([7H}]AA) 
from prelabeled cells. The specific involvement of phos- 
pholipase A2 (PLA,) in the release of AA in OZ-stimulated 
cells has been implicated, and the partial reduction of O, 
formation observed with inhibitors of AA metabolism 
(BW755C and indomethacin) further supports a linkage 
between AA release and O,- generation in O7-stimulated 
cells. Finally, like O,- generation, [H]AA release in OZ- 
stimulated cells is calcium dependent,” another difference 
from calcium-independent PMA activation.*°™ It is of 
interest that exogenous AA stimulates the respiratory burst 
in intact cells seemingly by the same PLA,-dependent path- 
way as with OZ, but in this case, inhibition of AA metabo- 
lism has no effect on O,- generation.” In toto, opsonized 
particle stimulation of the NADPH-oxidase differs from 
PMA in that the particulate stimulus is PLA, mediated, 
calcium dependent and independent of PK-C. These studies 
suggest that this physiologic stimulus, binding to plasma 
membrane receptors, induces an activation cascade biochem- 
ically distinct from that generated when PK-C is directly 
stimulated by phorbol esters. PMA, in bypassing these 
associated lipid metabolic activities, allows examination of 
the activation cascade at a point distal to them. This is a 
useful juncture at which to study the activation of the 
NADPH-oxidase directly. 


nedemne anaa ACHR At 


*A role for Ca** in PMA-activated neutrophils has been impli- 
cated in preliminary studies, which show that when cells are depleted 
of intracellular Ca’*, or when intracellular Ca?* mobilization is 
blocked, O,` generation and depolarization are abolished in a 
Ca’*-free buffer. The effective extracellular Ca?* concentration that 
restores 50% activity ts 100 wmol/L for depolarization and | umol/L 
for O,” production, suggesting different requirements for these 


functions. Considering the Ca** requirement of PK-C, these findings 


are expected, and thus the apparent Ca?*-independence’ of PMA a 
65a a a 


stimulation is only relatively low as compared to other agoists.® 
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PK-C ACTIVATION OF NADPH-OXIDASE 


The respiratory burst enzyme, NADPH-oxidase, is maxi- 
mally stimulated by PMA”; the electrons utilized to produce 
reactive oxygen species arise from the activation of the 
hexose monophosphate (HMP) shunt, which not only sup- 
plies NADPH (the reducing agent) but also stoichiometri- 
cally generates one proton for each electron required to 
reduce molecular oxygen to superoxide.” The protons are 
secreted largely by a sodium-proton antiporter, whose con- 
trol of cellular pH appears to regulate cell activation in an as 
yet undefined manner.” In the initial studies of PK-C 
activation of the NADPH-oxidase, distribution of PDBu 
binding was measured.” Almost 95% of the specific 
(7H]PDBu binding was found in the cytosolic fraction of 
unstimulated, nitrogen-cavitated neutrophils, with a specific 
binding activity of 8.6 pmol/mg protein. The K, for 
(H]PDBu binding to the cytosolic fraction reconstituted 
with PS determined by Scatchard analysis was 1.2 nmol/L 
{n = 3). This value is similar to that determined for the 
partially purified receptors from mouse brain cytosol.” This 
affinity is considerably higher than that observed in intact 
cells (38 nm), presumably reflecting the reconstitution of 
the receptor in PS rather than the actual phospholipids of the 
neutrophil membranes. 

No significant difference was found in the distribution of 
the binding activity between the subcellular fractions of 
control and PMA-stimulated neutrophils, in contrast to 
findings in other studies.” Because phorbol ester treatment 
has been reported to induce changes in apparent PK-C 
distribution in neutrophils and some other systems*!7°77°3"4 
under other lysis conditions. these discrepancies may reflect 
the extractability of the potentailly redistributed receptors 
under certain fractionation conditions. Because different 
methods of cell breakage and assay have been used, this issue 
has not been resolved. It remains to be determined if the site 
of action of PK-C in activating the NADPH-oxidase is direct 
phosphorylation of the plasma membrane-bound NADPH- 
oxidase or modification of a cytosolic regulatory component 
which could then act on the oxidase. 

Regardless of the transport of PK-C in intact cells, which 
appears to require membrane binding in physiologic stimula- 
tion,” in vitro manipulation, based on these binding studies 
of phorbol ester, has reconstituted a functional activation of 
the NADPH-oxidase. Previous studies showed that the mem- 
brane-bound NADPH-oxidase may be activated in a broken 
cell system by the addition of AA to a cytosolic factor.” 
Those studies were extended by characterizing the pathway 
of oxidase activation through the PK-C system. PMA alone 
was unable to stimulate the oxidase in disrupted neutrophils 
when tested at concentrations corresponding to ~50-fold the 
K, for the phorbol ester receptor; however, under specific 
conditions appropriate for PK-C activation, namely inclusion 
of PMA, PS, ATP, and a cytosolic factor, the NADPH- 
oxidase was activated.” 

In these PK-C reconstitution studies, separation of the 
cytosol fraction and a light membrane fraction, the site of 
NADPH-oxidase in prefractionated PMA-stimulated neu- 
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trophils,”* enabled definition of the basic requirements of the 
reconstitu:ed oxidase system. Each component of a reconsti- 
tuted PK-C system was required for NADPH-oxidase 
expressior. The dependence of oxidase activation on particu- 
lar phospholipids paralleled that for PK-C studies in other 
tissues.” The Ca’* dependence of the reaction could only be 
demonstrated with the addition of EGTA. Residual Ca’? in 
the cytoplasm and leached membrane Ca** was presumably 
sufficient for reconstitution of activity. The dose-response 
curve for PMA revealed a half-maximally effective dose of 
1.1 nmol/L, which was consistent with the high affinity of 
PMA for PK-C” and the measured amount of PK-C in the 
cytosol preparations. When purified PK-C obtained from 
mouse brain and its co-factors were substituted for cytosol, 
the NADPH-oxidase was similarly activated. Quantitative- 
ly, the levels of PK-C in the cytosol corresponded with the 
added purified enzyme. 

As noted, activation of NADPH-oxidase has been 
achieved ‘n broken cell preparations by adding AA,” oleic 
acid,'” or sodium dodecyl sulfate (SDS)'"! to the membrane- 
bound ox:dase. In these studies, an additional soluble factor 
was required, but it does not appear to be PK-C, as originally 
suggested. AA, oleate, or other oxygenated fatty acid deriva- 
tives activate PK-C directly, ®”™!'™ and AA inhibits specific 
[°H] PDBu binding to the cytosolic neutrophil phorbol ester 
receptor, with a K; of 38 umol/L and an ID, of 190 umol/L 
(P.M. Blumberg and A.I. Tauber, unpublished observa- 
tions), values similar to those obtained using partially puri- 
fied PK-C from mouse brain.” The mechanism for 
NADPH-oxidase activation by arachidonate in the in vitro 
setting dees not correlate with these observations, however, 
and suggests that either another metabolic pathway is used 
or stimulation occurs by a nonenzymatic process. In both AA 
and SDS NADPH-oxidase broken-cell-stimulated systems, 
the PK-C inhibitor isoquinolinesulfonamide had no signifi- 
cant effect, supporting pathways of AA and SDS oxidase 
activation independent from that of PMA.’ 

The initial characterization of the cytosolic factor(s) for 
arachidonate stimulation of the oxidase has shown that 
although they are Mg**-dependent, phospholipid, ATP, and 
GTP are not involved.” Curnutte and colleagues showed 
that their putative soluble factor had no PK-C activity, and 
in a patient missing this factor, the level of neutrophil PK-C 
was normal.' As in their previous report,'” the patient did 
not respond to PMA, suggesting that the cytosolic factor was 
either independent of PK-C or played its role distal to PK-C 
activation. It is of interest that the multifunctional kinase 
activator. calmodulin, has been implicated in oxidase activa- 
tion by AA and other soluble agonists, 1° but only one 
preliminary report has used a calmodulin inhibitor in the 
broken cell AA-stimulated system and shown a possible 
linkage.’ * The role of calmodulin in neutrophil activation, 
and in particular, its relation to PK-C, is as yet unclear. 
Finally, che correlation between intact cell activation with 
AA and that observed with broken cells is poor in that the 
former is Ca’* dependent and releases prelabeled [H]AA 
whereas the latter system is Ca’* independent and does not 
depend on a putative PLA, function for oxidase expression." 
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The data suggest distinct mechanisms by which the 
NADPH-oxidase is stimulated in intact cells and membrane 
fractions by AA. 

Although the precise stimulatory pathway or the physico- 
chemical correlates of AA or SDS activation have not been 
discerned, the evidence is compelling that AA and SDS 
activate the NADPH-oxidase by a PK-C-independent 
mechanism. Because the PK-C-stimulated oxidase is only 
15% as active as that obtained with AA or SDS activation 
(which are comparable), it may represent either a less 
efficiently reconstituted system or an ancillary arm of AA or 
SDS activation. The mechanism of the PK-C~independent 
activation may suggest the properties required for oxidase 
expression. One model for oxidase expression is based on the 
movement and juxtaposition of oxidase components for elec- 
tron transfer from NADPH to oxygen. Badwey and col- 
leagues, in studies with intact cells, first suggested that AA 
may activate the respiratory burst by effecting membrane 
fluidity changes in the locale of the NADPH-oxidase,''* and 
Bromberg and Pick postulate that AA and SDS activate the 
oxidase by their detergent properties.'*' The physiological 
correlation to the PMA/PK-C system is that phosphoryla- 
tion of a component (or possibly an intermediary mediator) 
affects the stereo-relationship of oxidase components, result- 
ing in effective juxtaposition for electron transfer. 


PUTATIVE PK-C PHOSPHORYLATED PRODUCTS 


The roles of neutrophil protein phosphorylation have been 
examined with regard to the activation of the respiratory 
burst, since increased kinase or phosphatase activity with 
concomitant phosphorylation or dephosphorylation of target 
proteins represents an important regulatory mechanism ina 
variety of mammalian cells. Earlier work has identified 
human neutrophil protein kinases and phosphatases, but 
their functional roles have not been definitively deter- 
mined.''® This issue may now be reexamined with our new 
understanding of PK-C and with the use of well-defined 
subcellular fractions. 

Recognition of relevant phosphate acceptor proteins is one 
of the major problems for defining the effects of protein 
kinases in general. When tested in cell-free systems, PK-C 
shows broad substrate specificity and phosphorylates many 
endogenous unidentified proteins in most tissues. Apparent- 
ly, protein kinases C and A often use the same phosphate 
acceptor proteins." For example, both enzymes phos- 
phorylate, to various extents, seryl and threonyl residues in 
many membrane-bound proteins. A preliminary analysis 
suggests that the sites of phosphorylation overlap to some 
extent, but several seryl and threony! residues are phospho- 
rylated specifically by PK-C. The relative reaction velocities 
differ among the substrate proteins used, and the seryl and 
threonyl residues vary in amount and location. When HI 
histone is used as a model substrate, the biochemical specific- 
ity is well illustrated: protein kinase A greatly favors a seryl 
residue (serine-38) located near the N-terminus, whereas 
protein kinase C rapidly phosphorylates both seryl and 
threonyl residues located near the C-terminus.” Isolation 
of PK-C from bovine’! and rabbit!” neutrophils was 
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recently reported. Activity and biochemical characterization 
appear to correspond closely to PK-C preparations from 
other tissues.'° 

The role of PK-C--mediated protein phosphorylation in the 
activation of NADPH -oxidase has been studied by several 
groups using different neutrophil sources and techniques for 
demonstrating phosphorylated products. Not surprisingly, 
the reported findings show discrepancies and inconsistencies, 
making a coherent statement as to the identification of PK-C 
dependent phosphorylations impossible. The two most 
important lines of evidence that the identification of such 
products is crucial come from (a) the previously mentioned 
studies indicating that a functional oxidase arises from the 
reconstituted PK-C system, and (b) the recent demonstra- 
tions that both autosomal recessive!” and X-linked’* CGD 
patients lack phosphorylation of proteins of 44 to 48 kd. 
Although X-linked CGD has been associated with a defec- 
tive or absent low potential b cytochrome,'°'” the molecular 
basis of autosomal CGD has not previously been established. 
The discrepancy that Segal does not find a phosphorylation 
defect in his X-linked CGD patients, but finds such a defect 
only in autosomal cases,” remains to be resolved. Hetero- 
geneity of CGD defects is well known’™’ and the recent 
cloning by Orkin and co-workers of a missing protein found 
in some X-linked CGD cases that has no homology with 
known cytochromes has even raised uncertainty as to the 
significance of the b cytochrome as a molecular marker of 
the X-linked disease.’ The tantalizing reports of Segal” 
and Babior'** need to be pursued, with identification, isola- 
tion, and characterization of the putative crucial phosphory- 
lated proteins in normal cells. 

Previously, a major difhculty appears to have arisen from 
the use of insufficiently defined systems for analysis, 7 
Because the NADPH-oxidase has been localized to the 
plasma membrane, its seems appropriate to study the phos- 
phorylated products at this site, or better, in a partially 
purified oxidase preparation. Recently, Rossi and colleagues 
examined such a preparation from pig neutrophils, the 
NADPH-oxidase was solubilized and filtered over Ultragel. 
Rossi found several phosphorylated products, but a 31.5-kd 
protein was prominently phosphorylated by an apparent 
PK-C-—mediated mechanism,” and he suggested that this 
product was a component of the previously characterized 
oxidase.'”? Sha’afi’s group also identified a 31-kd phospho- 
rylated product in PMA-stimulated rabbit neutrophil 
plasma membranes, yielding a small, but consistent image. 
This protein was the only one identified as exclusively found 
in plasma membranes but was not further characterized. 
Another protein of 50 kd appears to be a major PK-C 
substrate; while it correlates closely with degranulation, its 
relation to the activation cascade has not been further 
elucidated.'"°') An early study of a reconstituted PK-C 
system incubated with disrupted neutrophils identified major 
phosphorylated membrane-bound products of 38 and 34 kd, 
but the relationship of these products to oxidase activation 
was not investigated.” Babior found a 22-kd protein exclu- 
sively in the particulate fraction of disrupted human neutro- 
phils prestimulated with PMA.’ Romeo’s group, using 
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enucleated, granule-free cytoplast ghosts (cytosol-free) 
found six PK-C—mediated phosphorylated products, but did 
not attempt to relate these targeted proteins to oxidase 
function. One of these products is a 47-kd protein. An 
earlier Romeo study of human neutrophils could not distin- 
guish PK-C specifically labeled proteins primarily because of 
the undifferentiated system of analysis used.'** Okamura and 
colleagues attempted to relate this 46-kd species (probably 
two proteins with distinct pls of 7.4 and 6.4) to NADPH- 
oxidase activation.’® This study, using guinea pig neutro- 
phils, found the 46-kd proteins in a membrane precipitate, 
but again their relation to oxidase activation was not estab- 
lished. We find the claim interesting only in light of the 
corresponding size of the missing proteins reported in the 
CGD studies of Segal and Babior.'**'" 

Other activators of PK-C have also been used to examine 
phosphorylation products of the human neutrophil. Using 
preloaded cells stimulated with OAG, and two-dimensional 
gel electrophoresis, Fujita and co-workers observed four 
prominent images, but did not attempt to link any of these to 
oxidase activation.” Berkow and Kraft recently compared 
PMA- and Bryostatin-stimulated neutrophils and found 
unique products of 93, 88, 66 and 45 kd in a one-dimensional 
system*’; Bryostatin induced phosphorylation of an addi- 
tional protein of 70 kd. The similar pattern supports the same 
mechanism of cell activation by these stimuli. 

These previous studies alerted workers to the problems of 
(a) using a prelabeled intact cell system that cannot distin- 
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guish thos2 products crucial to oxidase expression from other 
stimulated activities; (b) the high number of competing, 
non—-PK-C kinase activities, which are not controlled in 
intact cel systems; (c) the complexity of phosphorylation 
patterns if purified membranes from the same animal or 
human source are not used; and (d) the necessity of relating 
phosphorvlated products directly to oxidase expression. New 
approaches to defining the mechanism of PMA/PK-C~ 
mediated activation of NADPH-oxidase must use a minimal 
system to reduce the number of phosphorylated products for 
study. Purified PK-C incubated with purified membranes 
containing the oxidase cffers the opportunity to examine this 
process with minimal competing reactions and the fewest 
selected shosphorylaticn targets. Corresponding kinetics, 
inhibitor studies and PK-C specificity should identify those 
products(s) crucial for NADPH-oxidase activation by the 
PK-C system, which can then be confirmed with studies of 
CGD cells and correspcnding studies with intact cells. Once 
identified, characterized, and isolated, the NADPH-oxidase 
activation system may be dissected and then reconstituted. 
Although this is an ambitious undertaking, the reward for 
tracing this receptor- ligand—coupled reaction is understand- 
ing of a major mechanism of signal transduction. 
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Diversity of the Effect of Recombinant Tumor Necrosis Factors a and 8 on 
Human Myelogenous Leukemia Cell Lines 


By Miloslav Beran, Borje S. Andersson, Peter Kelleher, Kathleen Whalen, Kenneth McCredie, and Jordan Gutterman 


In vitro characteristics of response to recombinant tumor 
necrosis factors a (rTNF-a) and 8 (r TNF-8) were studied in 
six human myelogenous leukemia cell lines. Heterogeneity 
of the response to rTNF was observed, and one line (K562) 
was resistant. No enhancement of cell growth was noted in 
any cell line. The dose-response curves for rTNF-a were 
characteristically sigmoid, the maximum inhibitory effect 
occurring between 25 and 200 ng/mL. Nonresponsiveness 
within this range indicated resistance that could not be 
overcome, even with very high doses of rTNFa. A similar 
response of sensitive and resistant lines occurred after 
exposure to rTNF-8. The clonogenic cells were more 
sensitive than the overall population to the action of 


UMOR NECROSIS FACTOR (TNF)? and lympho- 
toxin’ were originally described as products of stimu- 
lated monocytes-macrophages and lymphocytes, respec- 
tively. Fhese lymphokines are characterized in vitro by their 
lytic or antiproliferative effect on certain transformed cell 
lines. In vivo they induce hemorrhagic necrosis of both 
autologeus and heterotransplanted tumors.'*?*'* In numer- 
ous studies, there have been reports on variations of the in 
vitro activity of TNF in different animal and human cell 
lines,’"* but no myelogenous leukemia lines have been stud- 
ied so far. Little is known about the modes of action of 
TNF." Only recently, because of the availability of pure 
molecules,'’"° can the mechanism of action be properly 
studied. It was recently reported that recombinant TNF 
(rTNF) does inhibit growth of certain tumor cell lines while 
being indifferent or stimulatory to others,’ and a similar 
observation was made with purified lymphotoxin.’ 

The activity of these lymphokines in normal and malig- 
nant human hematopoiesis is largely unknown at present. 
TNF is produced by both normal and malignant monocytes- 
macrophages” and natural killer (NK) cells.” Thus, its 
action on human leukemic cells is of particular interest since 
we have observed inhibition of leukemic clonogenic growth 
by human macrophages” and NK cells. Myelogenous 
leukemia is a heterogeneous disease, both morphologically 
and cytegenetically.°° We were interested in whether this 
heterogeneity is reflected in the in vitro response to TNFs. Of 
particular interest to us was the role of TNF receptors and 
the relation of the TNF response to the phenotypic properties 
of the cell lines. We therefore investigated the foilowing 
aspects of cell-TNF interactions: (a) the dose response of 
leukemie clonogenic cells to rTNF-a” : 





and lymphotoxin or 
TNF-8 érTNF-p)'*!*: (b) the action of rTNF-a on clono- 
genic cells as compared with the whole leukemic cell popula- 
tion; and (c) the receptor density and binding affinity to 
cellular receptors of radiolabeled rTN F-a. 

Interferons have had antiproliferative activity in some 
leukemie cell lines studied (M. Beran, unpublished observa- 
tions), and synergism between interferons and TNFs has 
been reported in some cell systems.’*!° Therefore, we also 
investigated a possible enhancement of the TNF response in 
TNF-sensitive and TNF-resistant leukemic cell lines by 
rlFN-a@ and IFN-y. Because clonogenic cells are responsible 
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rTNFa, and prolonged exposure was necessary for mani- 
festation of the effect. Concomitant exposure to recombi- 
nant interferon-a (riFN-a) increased the response of two 
cell lines to rTNF-a, but no clear synergistic action could be 
demonstrated. The addition of riFN-y was without effect. 
Variations in the rTNF-a—induced proliferative response 
could not be explained by differences in the number of 
binding sites per cell or their affinity for rTNF-a. That the 
clonogenic cells showed a higher sensitivity than the whole 
population might indicate a preferential effect on more 
primitive, actively proliferating cells with high growth 
potential. 

© 1987 by Grune & Stratton, inc. 


for the continuous growth of a tumor, we primarily chose to 
study the effect of rT N Fs on these cells rather than the whole 
population of tumor cells. 


MATERIALS AND METHODS 


Lymphokines. Recombinant technology-produced interferon-y 
(rIFN-y, specific activity, 4 x 10’ U/mg), rTNF-a (specific activi- 
ty, 3.7 x 10’ U/mg), and lymphotoxin or rT NF-@ (specific activity, 
2.5 x 10’ U/mg) were all gifts from Genentech (San Francisco). 
Recombinant rlFN-a, a gift from Hoffman LaRoche (Nutley, NJ) 
had a specific activity of 2.0 x 10° U/mg. Stock preparations were 
stored at 4 °C in sterile vials. Dilutions were made immediately prior 
to use in sterile phosphate-buffered saline (PBS) supplemented with 
5% fetal calf serum (FCS). The amount of rTN F-a and rT NF-3 is 
given in nanograms rather than in units to avoid controversy related 
to differences in the sensitivity of various assay TNF systems. 

Leukemic cell lines. Six different cell lines” derived from 
patients with acute myelogenous leukemia (AML) or blastic crisis of 
chronic myelogenous leukemia (CML-BC) were used in the present 
study (Table 1}. One additional subline of KBM-3, rendered resis- 
tant to Adriamycin (KBM-3/Adria), was also used. 

All leukemic cells were maintained as suspension cultures in 
Iscove’s modification of Dulbecco's medium (IMDM) (Irvine Scien- 
tific, Santa Ana, CA) supplemented with 10% to 15% PCS. They 
were used for experiments when in exponential growth phase. 

Clonogenic assay. All leukemic cell lines that were used pro- 
duced clones in semisolid media, without an external source of 
specific growth factors. The cloning system used was a standard, 
single-layer agar media culture system. Cells were suspended in 
IMDM supplemented with 15% FCS, L-glutamine, penicillin, strep- 
tomycin, and 0.3% agar (Bacto-Agar, GIBCO, Grand Island, NY). 
One milliliter of media, containing 5 to 10 x 10? cells, was added to 
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Tabie 1. Myelogenous Leukemia Cell Lines 


Celi Line Origin Morphological Phenotype Passage Reference 

K-562 CML-BC Myeloid, poorly differentiated Unknown 27 

HL-60 AML-M3 Promyelocytic Unknown 28 

EM-2 CML-BC Myeloid Unknown 29 

KBM-3 AML-M4 Monocytic 20-150 Andersson and Beran 
{submitted for publication) 

KBM-5 CML-BC Myelomonocytic 50-100 Anderssen and Beran 
(submitted for publication) 

KBN-7 CML-BC Myeloid 20-40 32 
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35-mm tissue culture Petri dishes (Nunc, Denmark) and allowed to 
solidify. Cultures were then incubated at 37 °C in a fully humidified 
atmosphere of 5% CO, in air. After 7 days, clones containing more 
than eight cells were scored. All cultures were made in triplicate for 
each experiment. 

Normal human bone marrow granulocyte-macrophage progeni- 
tors {GM-CFCs). Bone marrow was obtained from six normal 
volunteers and light-density fraction, devoid of erythrocytes and 
granulocytes obtained using one-step Hypaque-Ficoll (density 1.080 
g/mL). In accordance with institutional guidelines, all patients and 
volunteers were advised of bone marrow aspiration procedures and 
attendant risks and gave informed consent. After removal of adher- 
ent cells by incubation in plastic bottles for 2 hours with 20% FCS, 
the nonadherent cells were used for comparative study on the effect 
of rTNF-a. Cells (1 x 10° mL) were suspended in IMDM supple- 
mented with 20% FCS, 0.3% agar, and increasing concentrations of 
rTNF-a (1 x 10°? to 1 x 10’ ng/mL). One milliliter was plated in 
35-mm Petri dish on the top of 1 mL of media supplemented with 
20% FCS, 0.8% agar, and 10% (vol/vol) of human placenta- 
conditioned medium (HPCM) as the source of colony-stimulating 
factor.”'’ Triplicate cultures were set up for each experimental 
point and incubated at 37 °C, 5% CO, in air for 6 days. Thereafter, 
clones containing =50 cells were scored, surviving fractions were 
calculated, and data were plotted as dose-response curves. The 
maximal achievable inhibition of clonal growth and the lowest dose 
of fr! NF-@ producing maximal inhibition was determined. 

Assay on the effect of lymphokines in agar-media cultures, Re- 
combinant IFN-a or [FN~y, r TNF-a, and rT NF-@ or their combina- 
tions were added in increasing concentrations to cells in semisolid 
cultures. In this system, the cells were continuously exposed at 
relatively low density to particular lymphokines. After the clones 
produced by surviving clonogenic cells were scored, survival curves 
were constructed by comparing the numbers of clones in experimen- 
tal cultures with those from control plates. Surviving fractions were 
calculated. The results, expressed as means + SD of triplicate 
cultures, were plotted on a log/log plot as dose-response curves. 


Effect of rl! NF-« on clonogenic cells in suspension cultures of 


leukemic cells. Short-term cultures were carried out in IMDM 
supplemented with 15% FCS. Cells (5 x 10* to 3 x 10°/mL) were 
added along with rTNF-a and incubated at 37 °C, 5% CO, in air. 
After | hour to 4 days, the cells were pelleted at 150 g for 10 
minutes, the supernatant was discharged, and the cells were washed 
twice in warm PBS to remove unbound lymphokines. Cells were 
counted in a counting chamber, and viability was determined by 
trypan blue exclusion test. A fraction of cells was plated for 
determination of the surviving clonogenic cells. Al] suspension 
cultures were done in duplicate. From each culture. clonogenic 
assays were performed in triplicate as described above. 
Radioiodination of rTNF-«. Radioiodination of rTNF-a was 
performed by the iodogen method” as described by Aggarwal and 
colleagues. In brief, 10 ug of rTNF-a in 0.1 mol/L of phosphate 
buffer (pH 7.4) was added to 0.5 mCi Na'”I in a tube coated with 5 
ug iodogen for 10 minutes at 4°C. The reaction was stopped by 


removing subile material from the tube, and labeled rT NF-a was 
separated from free iodine by filtration on Sephadex G-10 equili- 
brated with 0.1 mol/L of phosphate buffer containing 0.1% gelatin 
and 0.05% Tween 20. '’I-Labeled TNF had a specific activity of 
~630 Ci/mmol and gave a single band of 17,000 daltons by sodium 
dodecyl su:fate-polyacrylamide gel electrophoresis (SDS-PAGE). 
‘*T-Labeled TNF retained 80% to 90% of its biological activity as 
assayed by the lysis of actinomycin D-treated mouse L929 cells.” 

TNF biading assays, Binding of '“l-labeled TNF was per- 
formed as described for '* I-labeled rIFN-a.”* Cells were harvested 
by centrifugation at | x 10° x g for 10 minutes, resuspended in 
medium, and again pelleted. The celi pellet was resuspended in 
RPMI 1640, containing 01% bovine serum albumin (BSA), to a 
concentration of t to 2 x 10’ cells/mL. Cell suspensions were 
incubated with either '*I-labeled rT NF-a only for total binding or 
I-labeled rTNF-a plus excess unlabeled (x 100) rTNF-a to assay 
for nonspecific binding. After incubation for 2 hours at 24°C 
100-uL aliquots were removed in triplicate and layered on cold 
(4 °C) sucrose double gradients (0.15 mol/L/0.30 mol/L). The 
tubes were centrifuged for 15 seconds at 13 x 10° g in a Beckman 
tabletop microfuge (model no. 152) and immediately frozen in an 
alcohol-dry ice slurry. Bound (pelleted) and free (supernatant) 
labeled r TNF-a were separated by cutting off the bottom part of 
the microtube. Specific binding was determined by calculating the 
difference between the total and the nonspecific binding. Calculated 
values of the number of binding sites per cell were obtained by 
Scatchard analysis of equilibrium binding data.” Student’s 7 test 
was used te evaluate the significance of the results. 


RESULTS 


Effect of rTNF-a or clonogenic cells. An appreciable 
heterogeneity in the cloning ability of six different human 
myelogenous leukemia cell lines was observed in the continu- 
ous presence of rf NF-« in the culture medium (Fig 1, Table 
2). The sensitivity range of GM-CFCs is presented for 
comparison (Table 2). The cloncgenic cells of K562 line 
proved resistant to rTNF-a concentrations up to 5 x 10° 
ng/mL. In responsive cell lines, the dose—response curves on 
a log/log plot were sigmoid. 

in all cell lines tested, a maximal inhibition of clonogenic 
growth was observed after the addition of <100 ng/mL 
rTNF-a. Further increase of the TNF concentration resulted 
in either < plateau or a decrease in the degree of inhibition. In 
sensitive cell lines, the major differences were observed after 
doses <25 ng/mL (Fig 1). The KBM-3 cells proved exqui- 
Sitely sensitive, significant inhibition being noted as repro- 
ducible a‘ter doses of | x 10°? ng/mL; 10 ng/mL inhibited 
99.8% of clonogenic cells. Stimulation of colony growth was 
not observed with any cell line in the dose range between | x 
10-* and 1 x 10* ng/mL. 
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Fig1. Sensitivity of clonogenic cells from myelogenous leuke- 


mia cell lines to increasing doses of recombinant tumor necrosis 
factor-a (rTNF-a). Each point represents the mean of three 
experiments. (SD signs are omitted for simplicity.) 


Comparison of the activity of rTNF-a and rTNF-6 in 
leukemic clonogenic assay. \n two cell lines selected for 
differences in their response to rTN F-a, the effect of rT NF-6 
was studied in the clonogenic assay. (Fig 2). Similar results 
were obtained with both lymphokines. In the sensitive 
(KBM-S) cell line, rT NF-8 (lymphotoxin) proved less active 
on a wt/vol basis. In K-562 cells, the same resistance was 
shown to rT NF-a and rTN F-8. 

Effect of rTNF-a on the growth of myelogenous leukemia 
cells in suspension cultures. In two rT NF-a-sensitive cell 
lines, we studied the effect of cell density on the inhibitory 
effect of rTNF-a. In HL-60 cells, the growth inhibition was 
more pronounced in cultures initiated at lower initial cell 
concentrations (Table 3). Evaluated by total cell numbers as 
endpoint, the phenomenon was found only in moderately 
sensitive HL-60 cells. In highly sensitive KBM-3 cells 
between 73% and 77% inhibition was found after 3 days of 
growth and the degree of growth inhibition was independent 
of the initial cell density. The cell viability assessed by trypan 
blue exclusion test was slightly but significantly (P < .05) 
lower in the presence of rTN F-a. 

Effect of rTNF-a on clonogenic cells compared with the 
whole cell population in suspension cultures. HL-60 cells 
were grown in suspension culture at two different seeding cell 
densities, in the presence or absence of 500 ng/mL of 
rTNF-a. The results summarized in Table 4 demonstrate 
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Fig 2. Comparison of the effect of recombinant tumor necro- 
sis factor a (r TNF-a) and lymphotoxin (r TNF-8) on clonogenic cells 
from two myelogenous leukemia cell lines. Each point represents 
the mean + 1 SD of quadruplicate cultures. 


that rTNF-a preferentially inhibits in vitro growth of clono- 
genic cells as compared with the whole cell population. 
Similar results were obtained with the highly sensitive KBM- 
3 cell line (data not shown). 

Short-term effect of r-TNF-« on clonogenic cells. We 
further investigated whether clonogenic cells can be affected 
by short-term exposure (2 hours) to rTNF-a in doses approx- 
imately five to ten times higher than doses causing maximum 
inhibition of clonal growth in semisolid media, The results 
observed in two sensitive cell lines are summarized in Table 
5. Two-hour exposure inactivated a significant number of 
clonogenic cells in both cell lines. Viability of cells of both 
lines, assessed by trypan blue exclusion test, was unaffected 
by the 2-hour exposure (96% to 98%). 

Effect of combination of rTNF-a with rIFN-c or rl N-y 
in clonogenic growth. The addition of increasing doses of 
rlFN-a or rlFN-y to a standard dose of rT NF-« affected the 
rTNF-a-related inhibition only to a limited extent. The 
results shown in Table 6 show that rIF N-a, but not ri N~y, 
at very high doses (5,000 U/mL) slightly (P < .05) poten- 
tiated the inhibitory action of TNF in KBM-5 clonogenic 
cells. At this particular dose level, rl FN-a was not inhibitory 
itself (data not shown). rIFN-y appears to decrease the 


Table 2. Analysis of rTNF-a Binding to Myelogenous Leukemia Cells and Comparison to Their Sensitivity to rTNF-a in Clonogenic Assay 
On ee ent —aNenn———tinnrttntt nett 


painimaan da mri eben Bat 





Lowest rTNF-« Dose Average No. 
Producing Maximal K, inmol/L} of Binding Sites 
Inhibition (ng/mL) (x 10°") per Cell (r} 
100 4.654 1,388 
25 2.836 7 O86 
100 4.907 6,383 
100 2.408 3,030 


i anaemia pension ria utmost oro nero a R SNe et INT NTRS GAO CE TT 


rtFN-~x 

Cell Line Sensitivity * 
K-562 6.5 x 10` 
KBN-3 1.0 x 1077 
KBN-5 20 x 1073 
KBM-3/Adrt¢ 12x10? 
Normal 

GM-CFCt 6.5 x 107° ~ 1.9 x 107! 


a h e a a a a e ttt LATO TC CCL CCC AA 


rTNF-a, recombinant tumor necrosis factor-a. 


100-500 ee di“ (CD 


*Values represent the surviving fraction at the maximal achievable inhibition. 
+The KBM-3 celi line was rendered resistant by intermittent in vitro exposure to adriamycin (Adr) over a 1-year period. 


{Range of six individual marrows. 
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Table 3. Growth of Myelogenous Leukemic Cell Lines in Suspension Cultures in the Presence of r TNF-a: Effect of initial Cell Density on 
the Inhibition of Growth 


Seeding Density TNF 
Cell Line {x 10*/mL) {ng/mL} 
HL-60 5 0 
5 500 
15 QO 
15 500 
30 0 
30 500 
KBM-3 5 0 
5 500 
15 0 
15 500 
30 0 
30 500 





Viability Viable Celts * inhibition * 
{%) (x 10°/ri.) 1%} 
99 +0 42 +7 66 + 10 

99 +0 14 + 4f 

$99 +0 123 + 11 56 + 10 
98 + 1 54+ 12t 

99 +0 256 + 26 46 + 7ċ¢ 
99 +0 138 + 187 

96 +2 40 + 12.0 

84 +4 9.5 + 2.77 76 +6 
98 + 1 136.0 + 26.0 

85 +5 30.0 + 5.4+ 79 +5 
97 +2 253.8 + 18.7 

83 +5 69.5 + 10.1¢ 73.24 


AA ARR Aer AAA mana ALTA RAHA ai A bh ere a HAAR e fry RAIA HRSA SIE Aer aa NAA AAAA, 


rTNF-a, recombinant tumor necrosis factor-a. 


Cells were grown in Iscove’s modified Dulbecco's medium supplemented with 15% fete! calf serum and harvested after 3 days in culture. 


*Values represent the means + SD of six separate experiments. 


+ Difference between control and TNF containing cultures significant at P = <.005. 
tSignificantly (P < .005) different from inhibition at density of 5 x 10° but not significantly different from density of 15 x 10°. 


inhibitory effect of rTNF-a, which is in accord with its 
growth stimulatory action in the particular passages of these 
cell lines (data not shown). Similar results were obtained 
with the EM-2 cell line (Table 6), whereas no enhancement 
of TNF action by either interferon was found in the TNF- 
nonresponsive K562 cell line (data not shown). 

Receptors for TNF in leukemic cell lines. To investigate 
whether the heterogeneity in the cellular response to rT NF-a 
could be due to the heterogeneity in rT NF-a@ binding sites, 
we examined the binding of radiolabeled rT NF-a to several 
cell lines that differed in their sensitivity to rT NF-a in the 
clonogenic assay (Table 2). The results indicate heterogenei- 
ty, both in binding sites per cell and in the affinity of binding 
sites for the ligand (Table 2). Among all cell lines tested, the 
correlation to the inhibitory action of TNF was difficult to 
establish. This indicates that the sensitivity of cells is not 
simply reflected in the number of binding sites or in ligand 
affinity, although there was a tendency toward a slightly 
higher number of binding sites in sensitive cells. 


DISCUSSION 


The present study revealed a considerable heterogeneity in 
the sensitivity to rTNF-« of clonogenic cells of six 
myelogenous leukemia cell lines. No enhancement of clono- 


genic cell growth was noted, and one cell line (K562) proved 
resistant to TNF on continuous exposure of up to 5 x 10 
ng/mL. The TNF-sensitive cells responded to increased 
TNF doses in a characteristic fashion, with a sigmoid 
dose-response curve on a log/log plot, irrespective of the 
degree of sensitivity. An important finding was that maximal 
inhibition was reached at a relatively low concentration of 
TNF. This may indicate a mede of action compatible with a 
saturable mechanism. 

Analys:s of rTNF-a binding properties failed to reveal a 
consistent pattern to which the sensitivity of cells could be 
related. This is in agreement with the earlier study of Umeda 
and co-workers,'® in which absorption techniques were used, 
and also with recently reported data on nonhematopoetic cell 
lines.” It suggests that although receptors may be necessary 
for media:ion of TNF action, the magnitude of TNF action is 
determined by additional as yet unknown cellular mecha- 
nisms. The observation that IFN-y failed to influence the 
TNF response in either TNF-sensitive or TN F-resistant cells 
is incongruous with recently published data.’ In a very few 
cell systems, however, a synergism, mainly between lympho- 
toxin (rTNF-8) and IFN-a or IFN-y, was observed.?? 
Thus, there may be tissue and cell lineage specificity. Some 
data indicate that IFN-y increases the synthesis of TNF 


Table 4. rTNF-a Inhibition of Myelogenous Leukemia Clomogenic Celis of HL-60 Cell Line 











HA RAMANA Aube andrea Tmt Ht bt thes pm BUTTRESS ht Aenima LRA BaP AA 








Cells Seeded Celis Recovered* 

TNFa Total Celis L-CFC Total Ceils+ _ L-CFC = 
(ng/mL) (x 10/mbL) {x 10*/mbt} ix 10*/mt} Inhibition (%) (x 104/mt} Inhibition (%)} 
0 5 1.49 72 + 0.9 oe 213 20:9 > | 
500 5 1.49 28 + 63.4 + 2.1 3.4 +03 84.0 + 3.7t 

0 30 8.90 357 + 62.5 + 3.0 
500 30 8.90 240 + 30 32.8 + 0.9 11.7 + 7.0 


remem nennnonitnt rnin eamm E enn tee petite ieee, 


81.3 + 3.4¢ 


rTNF-a, recombinant tumor necrosis factor-a; L-CFC, leukemic clonogenic cells. 


*Cells were recovered after 3 days in suspension cultures. 
¢ Values represent mean + SD of triplicate cultures. 
{Significantly (P < .01} higher than inhibition of total celis. 
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Table 5. Mechanism of Action of r TNF-a on Myelogenous Leukemia Cell Lines: Acute Effect on Clonogenic Leukemic Celis 





AAA Sat Nt HANNAH AHR a 


No. of Leukemic Cionogenic Celis* 





“ell Line No. of Experiments Pretreatment Posttreatment Inhibition (96) 
KL-60 6 6,631 + 347 1,520 + 144+ #7 +2 
KBM-3 6 1,998 + 90 403 + 102+ 69 +3 


r?NF-<, tumor necrosis factor a. 


eean rena sue eeren eeraa erna Eeer A ie ban hema ht tamer hae 


*Leukeamic cells (5 x 10*/m~L) were incubated in 1 mL of Iscove’s medium, supplemented with 15% fetal calf serum (FCS) and 500 ng/ml of 
recombinant TNF at 37 °C. After 2 hours, the cells were washed twice in 10 mL of warm (39 °C) phosphate-buffered saline with 2% FCS to remove 
TNF. A portion of cells (10*/dish) was plated in agar-medium, and colonies of eight cells or more were scored 7 days later. Mean + SD of six 


experiments. 
+Signsficantly (P < .01) lower than pretreatment values. 


receptors.’ Because of the lack of correlation between TNF 
receptor numbers, binding affinity, and cell sensitivity, the 
role of such a mechanism in IFN-TNF cell interactions 
remains unclear. 

Short-term (2 hours) exposure of sensitive leukemic cell 
lines te moderately high (up to 5 x 10’ ng/mL) doses of 
rTNF-æ had no effect on viability of leukemic cells as 
evaluated by dose-exclusion test. Such short exposure did, 
however, inhibit subsequent colony formation by clonogenic 
cells. Although these findings do not support a notion of a 
direct cytolytic action of TNF in the leukemic cell lines 
studied, inhibition of cell proliferation as the mechanism 
underlying its inhibitory action is suggested. This is further 
supported by the absence of decreased cell viability with 
increased inhibition of coleny formation. 

The finding that cell line HL-60 produces TNF when 
appropriately stimulated” is suggestive of the role of TNF in 
a self-regulatory mechanism. In our studies, we showed that 
the parental, undifferentiated cell line is a very sensitive 
target for rT NF-a. Whether other AML leukemic cell lines 
studied here produce TNF is not known and is currently 
being investigated, as is the relation of sensitivity to the 
degree of maturation. Production by tumor cells when 
inducec to differentiate of a factor (TNF) that is highly 
inhibitory to proliferation of clonogenic tumor cells is an 


Table 6. Effect of riFN-a@ and riFN- on r TNF-a—induced 
inhibition of the Clonogenic Growth of Two Myelogenous 
Leukemia Cell Lines 


rTNF-a riFN-a riFN-y Survival * 
Cell Line {ng/mL} (U/mL) {U/mL} (%} 
KBM-5 100 0 0 12+ 1 
100 1,000 0 8+4 
100 5,000 0 3+ ft 
100 0 Q 9+2 
100 Q 1,000 12 + 1 
100 0 5,000 16 + 4+ 
EM-2 100 0 0 104+ 1 
100 1,000 0 7 +2 
100 5,000 0 4+ 1+ 
100 0 0 34+ 3 
100 0 1,000 6 + 2+ 
100 0 5,000 ND 


riFN-g, recombinant interferon-a; rTNF-œ, recombinant tumor necro- 
sis factor-a, riFN-y, recombinant interferon y; ND, not done. 

*Valuas represent mean + 1 SD of triplicate cultures. 

+The overall response differs:significantly (P < .05) from the response 
with rTNF-a only. 


intriguing phenomenon and, if verified in vivo, could have 
potential therapeutic implications. 

Examination of a large number of both mouse and 
human'” tumor cell lines has revealed considerable hetero- 
geneity in their response to TNF. Because the initial studies 
used preparations of varying purities derived from various 


cell lines used in the different experiments. Furthermore, the 
sensitivity could vary within each cell line depending on the 
number of passages and the laboratory in which it was 
maintained. It was difficult, therefore, to conclude whether a 
certain response to TNF is related to a particular malignant 
cell type. In a recent report, however, a heterogeneous 
response of both human and mouse tumor cell lines to pure 
rTNF-a was observed. 

The purpose of our studies was to examine rE NP-a and 
IFN-@ response in several cell lines derived from one type of 
hematologic malignancy that had phenotypic features of 
myelogenous leukemia. We were particularly interested in 
this tumor type because a TNF message was derived from 
one AML cell line that was induced to differentiate along the 
monocytic pathway. Thus, the possible antitumor effect 
could not only be compared with the degree of differentiation 
of a particular cell line but also with the response of normal 
hematopoietic progenitor cells. The heterogeneity in the 
observed response was considerable even within the 
myelogenous, leukemia-derived cell lines. One line, K562, 
was resistant to both rT NF-8 and rT NF-a, whereas the other 
lines showed various degrees of sensitivity with no apparent 
correlation to morphological type. Interestingly, HL-60 was 
highly sensitive to the antiproliferative effect of rT NF-a, and 
it was also shown that clonogenic cells——-presumably a more 
primitive category of cells—-were more sensitive than the 
overall population to TNF’s inhibitory action. The rT N F- 
and rT NF-8 resistance of K562 is of particular interest 
because this cell line is extremely sensitive to natural killer 
(NK) cell-mediated killing. 

Our finding is incongruous with results of a recent report 
suggesting that rTNF-a may be a major mediator of NK cell 
action.” The data show that most myelogenous leukemia 
cells are very sensitive to TNFs. With the exception of 
K-562, their sensitivity to rT NF is appreciably higher than 
that of GM-CFCs™ and comparable to that of clonogenic 
cells derived from primary acute myelogenous leukemias.” 
The availability of cell lines with a defined degree of sensitiv- 
ity is important for future studies of the mechanism of action 
and development of resistance to TNFs. 
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Erythrocyte Deformation in Shear Flow: Influences of Internal Viscosity, 
Membrane Stiffness, and Hematocrit 


By Kazunori Kon, Nobuji Maeda, and Takeshi Shiga 


The effect of shear force (depending on shear rate and 
viscosity of extracellular medium) and hematocrit of RBC 
suspension on RBC deformation was studied quantitatively 
using a cone-plate rheoscope with various kinds of cells, ie, 
partially hemolyzed (PH) cells. density-fractionated intact 
cells, and diamide-treated cells. The deformation index (D1) 
of ellipsoidally deformed cells was shown to be a function 
of Byn,,(%./Nn 1°, where Yh., is applied shear stress, he, 
and ha are external and internal viscosities, respectively, 
and a and 8 are adjustable parameters related to the 
membrane viscoelastic properties. The increase of suspen- 


TIS WELL KNOWN that blood viscosity, as well as the 
viscosity of red cell suspension decreases with an increase 
in a shear rate, because the deformation and orientation of 
cells reduces hydrodynamic resistance against shear flow.’ 
At high shear stresses, RBCs stably orient and elongate, 
accompanying membrane tank-treading about the cell inter- 
ior.” The cellular deformation in shear flow is frequently 
treated by the analogy with that of liquid droplet** as 
described by Taylor? and Cox,® ie, the elongation of cells is 
enhanced by the increase in viscosity of suspending medium 
and/or in shear rate. Although the major determinants of the 
ability of deformation (deformability) of RBCs (ie, intracel- 
lular viscosity, membrane stiffness, and cell geometry) have 
been revealed, "° the quantitative contribution of these 
determinants to deformability is not yet clear. In the present 
study, we assessed quantitatively, over a wide range of shear 
stress, the influence of intracellular viscosity and membrane 
stiffness on cellular deformation. 

In addition to single cell deformability, to study rheologi- 
cal phenomena of circulating blood, the role of hematocrit 
should be investigated as an influencing factor on cellular 
deformation. Rheoscopy'’ allows us to observe the cell defor- 
mation directly and to measure the degree of cell deforma- 
tion in a diluted suspension. Direct observation of individual 
cells is difficult, however, in the suspension of physiological 
hematocrit (Ht) value because of reduction in light intensity 
for microscopic observation. Therefore, we prepared par- 
tially hemolyzed cells (PH cells) to study the influence of Ht 
on cellular deformation, te, we replaced intracellular hemo- 
globin of intact cells with dextran to increase the transpar- 
ency of cells and maintain intracellular viscosity. 

This article describes: (a) the contribution of viscosity of 
suspending medium and shear rate on the degree of deforma- 
tion of various kinds of cells, such as PH cells having 
different intracellular viscosity, density-fractionated intact 
cells, and diamide-treated intact cells; (b) the influence of Ht 
on the cellular deformation over a wide Ht range (from 4% to 
55%). and (c) the behavior of intact cells in a mixed 
suspension of intact cells and glutaraldehyde-treated, 
hardened PH cells. In these studies, the cell deformation in 
shear flow is discussed on the basis of an empirical variable 
depending on the applied shear stress, the internal and 
external viscosities, and two parameters related to membrane 
stiffness. 
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sion viscosity at higher hematocrits (Hts) generally 
enhanced the ellipsoidal deformation of cells, in the same 
manner as increasing the suspending medium viscosity of a 
diluted cell suspension. The suppressing effect on cell 
deformation appeared above a certain Ht. When intact 
cells were mixed with glutaraldehyde-treated, hard- 
ened cells, the ellipsoidal deformation of intact cells was 
disturbed. The suppression of deformation probably 
occurred through disturbance of laminar flow-lines around 
intact celis. 

è 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 
Preparation of PH Cells 


Pink ghosts were prepared by hypotonic hemolysis in a prelimi- 
nary experiment, but ellipsoidal deformation under uniform shear 
flow was disturbed. Therefore, we prepared PH cells containing an 
appropriate amount of dextran by the following procedures. 

Freshly drawn heparinized blood from healthy donors was centri- 
fuged to remove plasma and buffy coat. The packed cells were then 
washed three times with an isotonic HEPES buffer (115 mmol/L of 
NaCl, 50 mmol/L of HEPES, 6 mmol/L of glucose, 5 mmol/L of 
KCl, pH 7.4). The washed cells were suspended in the isotome 
HEPES buffer containing 38 wmol/L of L-a-lysophosphatidyichol- 
ine, palmitoy! (LPC, Sigma Chemical, St Louis) at a Ht of 45% (the 
RBCs changed from discocytes to spheroechinocytes in the presence 
of LPC). After the suspension was allowed to stand for 5 minutes on 
ice, it was centrifuged to obtain packed L.PC-treated cells. Two kinds 
of PH cells, having iow internal viscosity (light PH cells) and high 
internal viscosity (heavy PH cells), were prepared by incubating 
LPC-treated cells in hypotonic dextran solutions as follows. 

Light PH celis. in step 1,1 mL of the LPC-treated packed cells 
was suspended in 9 mL of ice-coaled hypotonic HEPES buffer (10 
mmol/L of HEPES, 1 mmol/L of KCI, } mmol/L of glucose, 2 
mmol/L of EGTA, 5 mmol/L of MgSO,, 0.8 mmol/L of ATP; pH 
7.4, 30 mOsm/kg) containing 7% Dextran T-40 (Pharmacia Fine 
Chemicals, Uppsala, Sweden) and was incubated for 5 minutes on 
ice with gentle stirring (designated as step-! suspension). In step 2, 9 
mL of the same hypotonic 7% dextran solution was added to the 
step-] solution, and the suspension was stirred gently for 5 minutes. 
In step 3, to return the isotonicity, 1.44 mL of a hypertonic HEPES 
buffer (1,150 mmol/L of NaCl, $00 mmol/L of HEPES, 60 
mmol/L. of glucose, 50 mmol/L of KCI; pH 7.4) was added to the 


errr AAAI mit ririh aiana miin e ienen ee eee ee 


From the Department of Physiology, School of Medicine, Ehime 
University, Shigenobu, Onsen-gun, Ehime, Japan. 

Submitted May 21, 1986; accented September 25, 1986. 

Supported in part by grants from the Ministry of Education of 
Japan and from Ehime Medical Foundation. 

Address reprint requests to Dr T. Shiga, Department of Physiol- 
ogy, School of Medicine, Ehime University, Shigenobu, Onsen-gun, 
Ehime 791-02, Japan. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 salely to 
indicate this fact. 

© 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6903-000333.00/0 


727 


728 


step-2 suspension. In step 4, to remove LPC from cells, 18 mL of the 
isotonic HEPES buffer containing 1.5% bovine serum albumin 
(BSA, fraction-V, purchased from Armour Pharmaceutical, Kanka- 
kee, IL) was added to the step-3 suspension, followed by incubation 
of the suspension for | hour at 37°C. During the incubation, 
resealing of cells was accomplished. In step 5, the resulting PH cells 
were washed once with an isotonic 7% dextran solution (100 
mmol/L of NaCl, 50 mmol/L of HEPES, 6 mmol/L of glucose, $ 
mmol/L of KCl; pH 7.4) to remove a minute amount of membrane 
fragment and washed twice with the isotonic HEPES buffer. 

Heavy PH cells. The above procedures for the preparation of 
light PH cells were followed with a minor modification: In step 2, 
instead of the hypotonic 7% dextran solution, 9 mL of the hypotonic 
HEPES buffer containing 30% dextran was added to the step-1 
suspension, 


Preparation of Density-Fractionated Intact Cells 


Intact cells were fractionated by density-gradient centrifuga- 
tion.” An isotonic suspension of Percoll (Pharmacia) in the HEPES 
buffer was used: 75.6% Percoll to obtain low-density cells and 82.8% 
Percoll to obtain high-density cells. One milliliter of packed cells was 
poured on 13.5 mL of Percoll medium and then spun at 7,000 g for 
20 minutes at 20 °C. The low-density cells (10% to 15% of all cells) 
gathered in the upper half of the tube (in 75.6% Percoll) while the 
high-density cells (30% of all cells) sedimented in the lower half of 
the tube (in 82.8% Percoll). The low-density cells and high-density 
cells can be assigned to young and aged cells, respectively.'*'* The 
fractionated cells were washed three times with the isotonic HEPES 
buffer to remove Percoll. The fractional percentage was calculated 
on the basis of hemoglobin concentration. 


Preparation of Diamide-Treated Hardened Cells 
(Diamide-Treated Cells) 


The fractionated low-density cells were suspended in the isotonic 
HEPES buffer and incubated with various concentrations of diam- 
ide (diazene dicarboxylic acid bis(N,N-dimethylamide, Sigma) for 
30 minutes at 37 °C (Ht 10%).'° After incubation, cells were washed 
three times with the isotonic HEPES buffer. 


Preparation of Glutaraldehyde-Treated, Hardened PH 
Cells (GA-Treated PH Cells) 


Light PH cells were suspended in the isotonic HEPES buffer 
containing 0.1% glutaraldehyde at a Ht of 10% and incubated for 30 
minutes at 37 °C with gentle stirring. To remove unreacted glutaral- 
dehyde, cells were washed three times with the isotonic HEPES 
buffer. 


Determination of Mean Corpuscular Volume (MCV) 


MCV was determined from the number of cells measured by an 
automatic counter (Model CC-110, Toa Electric, Tokyo), and the 
packed cell volume was determined by the method of England and 
Down, © as follows. Cells were washed with the isotonic HEPES 
buffer containing 1.5% BSA and suspended in the same solution. 
Ten microliters of "I-labeled BSA solution (150 wCi/mL) were 
added to 5 mL of the cell suspension (Ht 50%). The radioactivities of 
supernatant and sedimented fraction were measured by an autowell 
y counter (ARC-605, Aloka, Tokyo) after centrifugation for 10 
minutes at 6,000 g with a microhematocrit tube using a microhema- 
tocrit centrifuge (Model KH-120, Kubota, Tokyo) and the packed 
cell volume was calculated after the volume of medium trapped 
among cells was corrected. 

The Ht value of the cell suspension was determined after correct- 
ing the trapped medium volume. For the GA-treated PH cell 
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suspension, the Ht was calculated from the number of cells in the 
suspension end the MCV of original cell before GA treatment. 


Electrophoretic Analysis of Membrane Proteins 


The polyacrylamide gel electrophoresis (PAGE) in 1% sodium 
dodecyl sulfate (SDS) was performed on a slab gel.” The densito- 
metric scanning of Coomassie brilliant blue R-250-stained gel was 
performed by a densitometer (Dual-wavelength TLC Scanner, CS- 
900, Shimadzu, Kyoto, Japan). After diamide treatment, the degree 
of cross-linking of membrane proteins was estimated by the method 
of Maeda and colleagues." 


Determination of Amounts of Membrane Lipids 


To estimate the loss of membrane lipids during the preparation of 
PH cells, the amounts of cholesterol and total phospholipids were 
determined by the method of Zlatkis and Zak and Bartlett,’ 
respectively. 


Measurement of Cellular Deformation 


Cellular deformation was observed at 25 °C with a cone-plate 
rheoscope'! constructed in our laboratory“ combining an inverted 
microscope {Model IMT, Olympus Optics Co., Tokyo). a transpar- 
ent 0.8 ° cone-plate viscometer (Model B, Tokyo Keiki) and a 
Rashlight (Model MS-230, Sugawara, Tokyo). Two experimental 
protocols were used as follows. First, cells were suspended in isotonic 
dextran solations to make a Ht of 0.4% to cbserve cell deformation in 
a diluted suspension. The shear rates were changed stepwise in the 
range of 75 2 to 752s” '. The dextran concentration was varied in the 
range of 7.2% (4.0 cP) to 20% (18.3 cP}. Second, for observation of 
the cellular deformation at higher Hts, cells were suspended in either 
isotonic dextran solutions (6% or 10%) or plasma with varying Ht 
(4% to 55%), and a constant shear rate (752 s~') was applied. 

The osmolarity of dextran solutions was adjusted with NaCl by 
using a Halbmikro osmometer (Type M, Knauer, FRG) after 
dissolving an appropriate amount of dextran in a hypotonic HEPES 
buffer (50 mmol/L of HEPES, 5 mmol/L of KCI, 6 mmol/L of 
glucose). The degree of deformation of stably oriented and deformed 
cells was expressed by the DI, defined by DI = (L — B)/(L + B), 
where L and B are the lengths of iong and short axes of ellipsoidally 
deformed cells.’ For each sample, DIs of 60 to 80 cells were 
measured. 


Measurement of Viscosity 


To measure the viscosity of hemolysate and cell suspension, a 
cone-plate viscometer (Model E, Tokyo Keiki) was used at 25 °C. 
For measurement of intracellular viscosity, the hemolysates of both 
fractionated intact cells and PH cells were prepared. The packed 
cells were suspended in 3 vol of hypotonic HEPES buffer (30 
mOsm/kg, 5 mmol/L of HEPES, 10 mmol/L of NaCl; pH 7.4). 
After membrane components were removed by centrifugation 
(10,000 g for 20 minutes), the hemolysate was concentrated by 
ultrafiltration (using a collodion bag; SM13200, Sartorius-Membra- 
nefilter Gra bH, Göttingen, FRG) until the hemoglobin concentra- 
tion of the aemolysate reached that of the intracellular hemoglobin 
concentration of original cells. The viscosity of hemolysate of intact 
cells agreec with the reported value.” 


RESULTS 
Characterization of PH Cells 


To facilitate the optical transparency of cell suspension 
and to avcid the decrease of internal viscosity, PH cells were 
prepared in the hypotonic dextran solution. Intact cells 
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resisted hypotonic hemolysis in the presence of dextran. 
Thus, te enhance hemolysis, cells were pretreated with LPC. 
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By suspending LPC-treated cells in the hypotonic solution of ? 
differen: concentrations of dextran, the internal viscosity of B 
PH cells could be varied. After resealing, LPC in the cell 
membrane was removed by washing with BSA solution and a A 
the cell shape could be easily reverted to biconcave disc. $ de 
Although progressive loss of membrane materials caused by S, à a 
increasing LPC concentration has been reported,” at a low = - & a 
concentration such as was used in the present study, no loss of els bm \ x 
cholesterol and phospholipids of either LPC-treated cells or et A ov 
PH cells was detected. 2 aey `o 

In this study, two kinds of PH cells, heavy and light, were ` \ “b 
prepared. The typical data about the properties of these cells à \ ~~ 
are summarized in Table |, together with data about density- : 
fractionated intact cells for comparison. PH cells deformed 0 T a ease OE 2° Meet 
to the flat ellipsoid with unequal axial lengths in shear flow 0 500 1000 0 05 1 


as well as intact cells did, as reported by Suda and co- 
workers.” Thus, the degrees of deformation are expressed by 
DI in Table 1. 


Deformation of Cells in Diluted Suspension 


To investigate the influence of viscosity of suspending 
medium and shear rate on the degree of deformation, the Dis 
of cells suspended in the isotonic solution of various concen- 
trations of dextran (hematocrit, 0.4%) were measured at 
various shear rates. Fischer and colleagues? have shown that 
the DI of intact cells is a function of yn'°*°*, where y and n 
are shear rate and medium viscosity, respectively. In the 
present study, taking the intracellular viscosity into account, 
the variable yn'°*°? is modified to yn..(nex/Min). Where ne, is 
the viscosity of the suspending medium, n 1s the intracellu- 
lar viscosity, and a is the adjustable parameter. 

PH cells. The Dis of light PH cells, at various shear 
rates and viscosities of suspending medium, are shown in Fig 
1A. At certain Dis, the plots of log Yne v log (n../7;,) shown 
in Fig 1B give parallel straight lines with the same slope 
( —0.6), where interpolated y values were read at the crossing 
points on lines a through d of Fig 1. Thus, DI is expressed as a 
function of Y7ex(Nex/ Min)” S. In Fig 2A, all Dis of light PH cells 
and heavy PH cells are plotted against +n.,(ne/ min)’, and all 
points læ on the same curve in spite of the difference in np 
between light and heavy PH cells. 


T (sec) log (Nex/ Nin) 


Fig 1. (A) Dependence of deformation index (DI) of light 
partially hermolyzed (PH) celis on the shear rate in the isotonic 
dextran solutions. Dextran concentration: 7.5% (o. 4.0 cP), 8.6% 
(v, 4.7 cP), 10% (W, 5.1 cP). 11% (a, 6.1 cP), 12% (@, 6.7 cP), 14% 
(V, 8.8 cP), 16% (0, 11.5 cP), 18% (A. 14.5 cP), and 20% (©, 18.3 
cP}. Dl is represented by mean + SD of 60 to 80 cells. Lines a 
through d represent Di = 0.40, 0.31, 0.23, and 0.16. respectively: Y 
values at each Di value were estimated. {B} Logarithmic plot of 
shear stress (¥7,,) v (suspending medium viscosity /intracellular 
viscosity) (7,,/7,,). Data and symbols are the same as in A. The 
points on line a give a Di value of 0.40, on line b a Di value of 0.31, 
on line c a Di value of 0.23, and on line d a Di value of 0.76. The 
lines are drawn by linear regression analysis (mean + SD of these 
slope = — 0.60 + 0.03}. 


Intact celis. Intracellular viscosity is well known to 
increase with cell aging. Therefore, intact cells were fraction- 
ated with Percoll to minimize the variation of intracellular 
viscosity. The same value of a was obtained for both low- 
density cells and high-density cells as that for PH cells in the 
plot log Yne v log (».,/7,) (not shown). The curve of DI y 
¥Nex(Nex/ Nin) "$ of intact cells slightly shifts upward {Fig 2B) 
as compared with that of PH cells (dotted line is the curve for 
PH cells shown in Fig 2A). To fit these curves on the same 
line, another parameter 8 must be introduced; DI is then 
expressed as a function of Byn.,(n.x/n. )°°. Adopting 8 = | 
for the intact cells, 8 for PH cells should be reduced to 0.7. 


Table 1. Hematological Indices and Deformability of PH Cells and Fractionated Intact Cells 





MCV [Hb],.* et Dit 
Cells (um) {mmol/L Celf {cP} y= 1505"! y= 3768" 
PH 
Light 96.0 2.58 3.5 (2.8) 0.35 + 0.05 0.47 + 0.02 
Heavy 75.2 3.73 9.8 (5.0) 0.27 + 0.05 0.41 + 0.04 
intact § 
Low density 89.0 5.05 10.3 0.31 + 0.04 0.44 + 0.05 
High density 81.5 6.20 20.4 0.22 + 0.05 0.36 + 0.05 


PH, partially hemolyzed; MCV. mean corpuscular volume. 
*intracellular hemoglobin concentration. 
tintracellular viscosity. The value in parentheses is the viscosity of hemolysate (prepared from intact cells) having the same hemoglobin concentration 


as that of PH cells. 


tDeformation index (DI) was measured at shear rates {Y} of 150 and 376 s”' when cells were suspended in 20% dextran solution (18.3 cP). 
§intact cells were fractionated by density gradient (described in Materials and Methods section). 
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partially hemolyzed (PH) cells. Light PH cells {O} were suspended in 
isotonic dextran solutions of 7.5% (4.0 cP} to 20% (18.3 cP), and 
heavy PH cells (@) were suspended in solutions of 11% (6.1 cP) to 
20%. DI was measured at shear rates of 75.2, 150, 376, 752 s '. 
Data of light PH celis are the same as in Fig 1A. DI is represented 
by a mean of 60 to 80 cells. (B) Plot of DI v YneslNnex/ Nin) °F of intact 
celis. Fractionated low-density cells (O) were suspended in iso- 
tonic dextran solutions of 14% (8.8 cP) to 20% (18.3 cP), and 
fractionated high-density cells (@) were suspended in solutions of 
16% (10.8 cP) to 20%. DI was measured at the same shear rates as 
in Fig 2A. The dotted line is the regression curve for PH cells 
shown in Fig 2A. Dl is represented by a mean of 60 to 80 cells. 


This fact implies that PH cells are less deformable than 
intact cells; presumably, the PH cell membrane would be 
impaired during preparation of PH cells. 

Diamide-treated cells. Diamide has been shown to 
induce cross-linking of membrane proteins to decrease cellu- 
lar deformability.’°?? When a high concentration of diamide 
is applied, a buckling pattern (furrows parallel to the flow 
direction) appears” and, in addition, hemoglobin is modi- 
fied.'° Therefore, to study the influence of cross-linking of 
membrane proteins (mainly spectrin) on deformation, the 
concentration of diamide must be lowered to <1 mmol/L (no 
buckling pattern was detected). 

Dis of diamide-treated cells were measured in the dextran 
solution from 15.5% (11.0 cP) to 20% (18.3 cP). The 
parameter a for diamide-treated cells was dependent on the 
degree of cross-linking, as estimated from the plot of log Yhes 
v log (nex/ Nin) (not shown). In Fig 3A, DIs are plotted against 
By nex(Nex/ Nin V“. With appropriate a values for cells treated 
with diamide of various concentrations whereas 8 ts fixed at 
unity. Furthermore, adopting an appropriate value of 8 for 
each curve shown in Table 2, all points can be brought on the 
same curve (Fig 3B), which curve agrees with the curve for 
intact cells (Fig 2B), ie, both a and 8 decrease as the 
cross-linking proceeds. 


Deformation of PH Cells Suspended in 6% Dextran 
Solution at Various Hts 


Light PH cells. The rheoscopic flash photographs of 
light PH cells in relatively low Ht range (4% to 25%) at y = 
752 s`! are shown in Fig 4 (line B}. The ellipsoidal deforma- 
tion becomes clear as hematocrit increases. This monotonous 
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Fig 3. Plot of deformation index (Di) v Gyn,,ing./%,)" for 
diamide-tr2ated cells. {A} The parameter a is varied whereas ĝ is 
fixed at unity. Fractionated low-density cells were treated with 
diamide. Diamide concentration: 0 mmol/L (0), 0.55 mmol/L (@), 
0.65 mmol/L (A), 0.95 mmol/L (a). Celis were suspended in 
isotonic dextran solutions of 15.5% (11.0 cP) to 20% (18.3 cP), and 
Di was measured at shear rates of 75.2, 150, 376, and 752s‘: a 
values for cells treated with 0, 0.55, 0.65. and 0.95 mmol/L of 
diamide are 0.6, 0.5, 0.35, and 0. respectively. Dl is represented by 
a mean of 60 to 80 celis. iB) Both parameters a and Ë are altered. 
Data and symbols are the same as in Fig 3A; § values for cells 
treated with O, 0.55, 0.65, and 0.95 mmol/L of diamide are 1, 0.7, 
0.5, and 0.4, respectively (a values are the same as in Fig 3A). The 
dotted line is the regression curve of DI v ¥n,,(n,,/1,) °° of intact 
cells shown in Fig 2B. The degrees of cross-linking of spectrin of 
cells treated with different concentrations of diamide are shown in 
Table 2. 


increase of deformation is due to increased suspension viscos- 
ity, from 3.4 cP(Ht = 4%) to 4.2 eP(Ht = 25%). When Dis 
are plotted against Yhap lsp Nin) ® (Fig 5), where n, is the 
suspensicn viscosity, Dis lie on the DI v -ynex(ne/ Nin) | Curve 
of light PH cells shown in Fig 2A. Therefore, the increase of 
suspensicn viscosity acts on cellular deformation in the same 
manner as the increase of viscosity of the dextran solution. 

On the other hand, at higher Hts (>25%), DI measure- 
ment was impossible due to cell crowding. At a Ht of 45%, 
however, cells were photographically observed to deform to 
flat ellipsoid but variously distorted shapes and orient with 
their long axes parallel to the flow direction (Fig 4, line B). 

Heavy PH cells. The ellipsoidal deformation could not 
be observed for heavy PH cells. Presumably, the value of 
YNep(Mep/ Tin)” Was not high enough to induce such deforma- 
tion (eg, Y1sp(Msp/ Min)” = 19 dynes/cm’ at a Ht of 20%) due 
to the higher intracellular viscosity of heavy PH cells as 
compared with that of light PH ceils. 


Tebie 2. a and 8 Values of Diamide-Treated Celis 


Diamide* Cross-linkingt 

(mmo¥L) {%) & B 
0 0 0.6 1 
0.55 27.4 0.5 0.7 
0.65 33.3 0.35 0.5 
0.95 46.7 0 0.4 
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*Diamide concentration for diamide treatment of intact cells. 
+Perceniage of spectrin polymerization (described in Materials and 
Methods section}. 
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Ht (%) 


Fig 4. Deformation of light partially 
hemolyzed (PH) cells in the suspension of 
various hematocrits. Cells were suspended 
in 10% dextran solution (5.1 cP, line A), 6% 
dextran solution (3.3 cP, line B), and plasma 
(1.8 cP, line C). Cell deformation was 
observed at a shear rate of 752 s '. Hema- 
tocrit (Ht) of the suspension ranges from 
4% to 45%. 


Deformation of PH Cells Suspended in 10% Dextran 
Solution at Various Hts 


Light PH cells. In 10% dextran solution, light PH cells 
demonstrate advanced ellipsoidal deformation as compared 
with those in 6% dextran solution at lower Hts (<25%) as 
shown in Fig 4 (line A). When Dis are plotted against 
YMsp(Mp/ Nin)”, However, DI decreases from 0.28 to 0.23 
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Fig 5. Effect of increasing hematocrit of partially hemolyzed 
(PH) cell suspension on deformation index (DI). Light PH cells were 
suspended in isotonic dextran solutions of 6% (3.3 cP, O) and 10% 
(5.1 cP, A). Heavy PH cells were suspended in 10% dextran 
solution (å). Deformation index (DI) was measured at a shear rate 
of 752 s '. Hematocrits of the suspension of light PH cells in 6% 
dextran solution were 4%, 8%, 15%, 20%, and 25%. Those of light 
PH cells in 10% dextran solution and heavy PH cells in 10% dextran 
solution were 4%, 8%, 15%, and 20%. DI is given as mean + SD {n 
= 60 to 80). The dotted line is the regression curve of Di v 
VNex(Nex/ Nin) °* Of PH cells shown in Fig 2A. 
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despite the increase in yn,,(n,,/min)”° from 60 dynes/cm? (at 
Ht = 4%, n = 5.6 cP) to 80 dynes/cm? (at Ht = 20%, ny 
7.1 cP) as shown in Fig 5. In Fig 4 (line A), a photograph at 
Ht = 45% is also shown, in which distorted ellipsoidal 
deformation is observed, 

Heavy PH celis. Although the intracellular viscosity was 
high, the ellipsoidal deformation was induced due to high 
viscosity of the suspending medium. In the Ht range of 4% to 
20%, as shown in Fig 5, Dis lie on the DI v -yn..(n.,/n,,) °° 
curve of light PH cells shown in Fig 2A. The suspension 
viscosity changes from 5.9 cP (Ht = 4%) to 7.6 cP (Ht 
20%). 


Deformation of PH Cells Suspended in Plasma at Various 
Hts 


Light PH cells. Cells deform to variously distorted discs 
at the lower Ht (<25%); however, distorted ellipsoidal 
deformation is conspicuous at Ht = 45%, as shown in Fig 4 
(line C), at which cells deform to the same shape as that of 
light PH cells in 6% and 10% dextran solutions 

Heavy PH cells. Although the extracellular viscosity 
was low (1.8 cP), cells deformed but distorted in various 
shapes at the higher Ht range (35%, 45%, and 55%) 


Deformation of Intact Cells in the Coexistence of 
Undeformable Cells 


To investigate the influence of undeformable cells on the 
behavior of deformable cells in shear flow, a small amount of 
fractionated low-density intact cells (tracer cells) was mixed 
with either a larger amount of light PH cells (deformable 
cells) or GA-treated PH cells (light PH cells treated with 
GA, undeformable cells), and deformation of tracer cells was 
observed. GA-treated PH cells could not deform, and they 
oriented randomly in shear flow. Cells were suspended in 
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16.7% dextran solution (12.7 cP) in which the Ht of tracer 
cells was kept constant (0.4%), and the Ht of light PH cell 
and GA-treated PH cell suspensions varied from 2.1% to 
6.3%. On the flash-photographs, the intact tracer cells could 
be distinguished from the light PH or GA-treated PH cells 
by differences of cell shape and of darkness (due to higher 
hemoglobin concentration). The ellipsoidal deformation of 
intact cells was not affected in the deformable light PH cell 
suspension (Fig 6B,C,D), nor in the diluted GA-treated PH 
cell suspension (Ht = 2.1%) (Fig 6E). When the amount of 
the GA-treated PH cells was increased, however (to Ht = 
6.3%), the ellipsoidal deformation was remarkably disturbed 
(Fig 6F,G). 


DISCUSSION 


Contribution of Intracellular Viscosity and Membrane 
Stiffness to Cellular Deformation 


Increased viscosity of suspending medium is well known to 
enhance the deformation of RBCs, although the degree of 
deformation is influenced by intracellular viscosity. Pfaffe- 
rott and co-workers” showed that the differences between 
young and old cell deformation were eliminated if the DI was 
plotted as a function of the ratio of intracellular/extracellu- 
lar viscosities for various shear stresses. 

In the present study, we demonstrated the effect of 
extracellular/intracellular viscosities and membrane stiff- 
ness on the cellular deformation and revealed that DI is a 
function of Byn,,(n-./ ni, )". For various kinds of cells, a = 0.6 
is unanimously applicable (Fig 2A,B). Taking 8 = | for the 
intact cells, 8 should be reduced to 0.7 for PH cells to fit the 
data of PH cells on the same curve, DI V yn.,(n.,/ni,)°°, of 
intact cells, indicating that PH cells are less deformable than 
intact cells, A remarkable difference of cell volume between 
light and heavy PH cells is detected (Table 1), whereas the 
surface area of these cells remains constant (because no loss 
of membrane lipids is detected). This may affect the cellular 
deformation through the change of surface/volume (S/V) 
ratio which is one of the determinants of deformability. No 
difference, however, in the relation DI v ynex(mex/ Mia)?” 


Fig 6. Deformation of intact cell 
(fractionated low-density cell) in mixed 
suspension. Fractionated low-density 
cells (tracer cells) were suspended in 
16.7% dextran solution (12.7 cP; the 
hematocrit of the tracer cells was 
adjusted to 0.4%) with either light par- 
tially hemolyzed (PH) cells or glutaralde- 
hyde (GA)-treated PH cells. The deforma- 
tion of tracer cells was observed at a 
shear rate of 752 s '. (A) Only tracer 
cells present in the suspension. (B 
through D) Tracer cells are mixed with 
light PH cells. Hematocrits of light PH cells 
in the suspensions of B, C, and D, are 
2.1%, 4.3%, and 6.3%, respectively. (E 
through F) Tracer cells are mixed with 
GA-treated PH cells. Hematocrits of GA- 
treated PH cells in the suspensions of E, F, 
and G are 2.1%, 4.3%, and 6.3%, respec- 
tively. 
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between light and heavy PH cells (Fig 2A) suggests that such 
change of S/V ratio does not shift the curves DI v yn,.,(n.,/ 
n,)°* threughout. Therefore, the decrease in 8 of PH cells is 
presumably due to the increased membrane stiffness caused 
by changes in membrane integrity. 

Althouzh the intracellular viscosity of light PH cells is 
about hal that of fractionated low-density cells, DIs of light 
PH cells ¿re close to that of fractionated low-density cells at 
given shear stresses (Table 1), because the effect of lowered 
intracellular viscosity of PH cells on Dls is canceled by the 
increased membrane stiffness 

Age-re ated changes in membrane viscoelastic properties 
were reported.'*'*”*7 In this study, no difference in the DI v 
YNe(Nex/7,) Curve between low-density cells and high- 
density cells was detected (Fig 2B). This result may imply 
that the age-dependent changes in membrane properties 
have no significant effect on the ellipsoidal deformation in 
shear flow. 

The inluence of cross-linking of membrane proteins is 
remarkable. When the intact cells (of low density) are 
treated with diamide, two parameters, a and 8, must be 
reduced (Table 2) to bring all data to the same curve in the 
plot of DI v Byn..(nex/ Nin )* (as shown in Fig 3). 

The mechanical property of the membrane is physically 
expressed by the three intrinsic material constants of mem- 
brane, ie, elastic modulus, area compressibility, and mem- 
brane viscosity.’ The alteration of area compressibility 
would not be detectable in the present method, because 
discocytes deform easily at constant area but strongly resist 
change ir area.” Nash and Meiselman demonstrated that 
the ghost has a greater shear modulus but a similar mem- 
brane viscosity.” Their result may correspond to the present 
result, ie, the partial hemolysis causes the change in 8 but not 
in a. The parameter 8 may thus be related to the shear 
modulus. According to dimensional analysis, 8 should have a 
dimension of (dynes/cm’)~' Therefore, a reciprocal of 8 
would express the relative shear modulus, and the shear 
modulus of PH cells may be ~1.4 times higher than that of 
intact cel s. The diamide treatment is also known to increase 
the shear modulus** and may cause increased membrane 
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viscosity” by restricting the flexibility of cytoskeleton. This 
may lead to the decrease of two parameters, & and 8. 


Ht Dependency of Cellular Deformation 


The shear rate applied in this study (y = 752 s`!) 
correspends to the calculated wall shear rates in artery and 
capillary (~1,000 s~'), assuming that Poiseuille fow? and 
the behavior of PH cells in flow is similar to that of intact 
cells. Therefore, the present study gives information on RBC 
behavior in blood flow. 

The quantitative measurement of PH cell deformation is 
possible up to the Ht value of ~20%. When the light and 
heavy PH cells are suspended in 6% and 10% dextran 
solutions, respectively, progressive deformation due to 
increase of suspension viscosity is observed. The increase in 
suspension viscosity owing either to increasing Ht or dextran 
concentration induces the same degree of ellipsoidal defor- 
mation (Fig 5). However, the value of yn.o(1s)/tin)”* is below 
~20 dynes/cm’, both light and heavy PH cells suspended in 
any medium cannot deform, because at low value of ¥Np(Mep/ 
Nin)”, the shear force is not enough to induce the deforma- 
tion. On the other hand, DI of light PH cells suspended in 
10% dextran at yng(Mp/ Min)” = 80 dynes/cm? is smaller than 
that at Ynp(1sp/in)” = 60 dynes/cm?* as shown in Fig 5. In 
this decline phase, the ellipsoidal deformation is rather 
suppressed, probably because the cell crowding disturbs the 
uniform stream lines. Concerning the effect of Ht, Kon and 
Kon” have shown that the degree of deformation and 
orientation is suppressed as the Ht is increased above a 
certain value depending on extracellular viscosity; ie, the 
critical Ht value, at which the suppressing effect begins, 
shifts toward a lower Ht as the extracellular medium 
increases in viscosity. At higher Hts (>25%), quantitative 
measurement of DI is not possible, even with PH cells. The 
degree of deformation of PH cells in plasma is qualitatively 
the same as that in 6% and 10% dextran solutions at a Ht of 
45%, however. The ellipsoidal deformation of intact cells at a 
higher Ht is shown by Fischer and Schmid-Schénbein.? The 
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present result is explained as follows: The cellular deforma- 
tion of PH cells in plasma is progressively induced with 
increasing Ht, but in 6% and 10% dextran solutions the 
suppressive mechanism becomes operative on cells at the 
higher Ht. 

The influence of cell concentration was described by 
Goldsmith and Marlow”; ie, the progressive deformation of 
tracer amount of intact cells in the ghost cell suspension 
(intact cells did not deform to ellipsoid but to irregularly 
distorted ellipsoid) with increasing ghost concentration; thus, 
they have proposed that the collision between cells induces 
such irregular deformation. In the present study. the frac- 
tionated low-density cells deformed to ellipsoid in light PH 
cell suspension but not in GA-treated PH cell suspension. 
This phenomenon may be due to the disturbance of laminar 
flow caused by tumbling of the hardened cells, which conse- 
quently reduces the effective shear stress acting on intact 
cells. Tumbling of rigid discs in Poiseuille flow is known.’ and 
a similar disturbing effect of hardened cells on intact cell 
deformation was reported by Kon and coworkers.” There- 
fore, the ellipsoidal deformation of intact cells is maintained 
by ellipsoidal deformation of surrounding cells. 

In short, the present study reveals that: (a) The degree of 
deformation of cells is determined by the applied shear stress 
(Yna). the viscoelastic membrane properties (reflected on the 
parameters a and 8), and the ratio of suspending medium 
viscosity to internal viscosity (y.,/m,); and (b) increasing 
suspension viscosity (np) by raising Ht generally enhances 
cellular deformation, but above a certain Ht deformation is 
suppressed. At physiological Ht, cellular deformation is 
mainly influenced by Ht, and the contribution of viscosity of 
extracellular medium is not significant. 
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Lack of Association Between Abnormalities of the Chromosome 9 Short Arm and 
Either ‘“‘Lymphomatous”’ Features or T Cell Phenotype in Childhood Acute 
Lymphocytic Leukemia 


By Andrew J. Carroll, Robert P. Castleberry, and William M. Crist 


in childhood acute lymphocytic leukemia (ALL), abnormali- 
ties in the short {p} arm of chromosome 9, particularly 
those leading to the loss of material in the p21—p22 region, 
may be associated with bulky disease at diagnosis (so- 
called “‘lymphomatous”’ ALL) and a T ceil immunopheno- 
type. To assess these associations further, we reviewed 
the clinical and laboratory data for 100 consecutively 
evaluated children with ALL who had successful cytoge- 
netic studies. From analysis of clinical and laboratory 
features, 8 of the 100 patients were classified as having 
lymphomatous ALL. Seven of the 100 patients had aberra- 


HE CHROMOSOME complement of the leukemic 
clone is now recognized as an important prognostic 
variable in childhood acute lymphocytic leukemia (ALL)! 
Several clinically and/or immunologically defined subgroups 
of ALL have been associated with nonrandom cytogenetic 
abnormalities, including translocations such as t(4:11) in 
undifferentiated acute leukemia, t(8:14) in B cell ALL, 
t(1;19) in pre-B cell ALL, and t(11:14) in T cell ALL 
Each of these is associated with a poor prognosis. 
Kowaiczyk and Sandberg* identified a small, potentially 
important subgroup of patients with ALL, characterized by 
loss of material from the short arm of chromosome 9 (9p-), 
who typically were diagnosed with lymphadenopathy, sple- 
nomegaly, high leukocyte counts, and T cell markers on the 
surface of their leukemic blasts. More recently, Chilcote and 
colleagues” proposed that loss of chromosomal material at 
9p21-22 might be characteristic of patients with “lympho- 
matous” ALL. These children also had bulky extramedul- 
lary leukemia, often a T cell immunophenotype, and 
responded poorly to treatment. We therefore analyzed the 
clinical data for 100 consecutively evaluated children with 
ALL who had successful cytogenetic studies. We found no 
evidence to support the proposed association between 9p 
abnormalities and either lymphomatous clinical features or 
T cell disease. 


MATERIALS AND METHODS 


Patients. The study population was derived from children with 
ALL diagnosed and treated at The Children’s Hospital of Alabama 
from 1978 through 1985. Informed consent, in accordance with 
institutional and FDA guidelines, was obtained prior to bone marrow 
aspiration. Clinical data from 100 consecutive patients with success- 
ful cytogenetic studies were analyzed. Lymphomatous ALL was 
defined on the basis of at least one clinical and one laboratory feature 
from the following list: discrete lymphadenopathy with nodes >3 cm 
in diameter or matted nodes >5-cm collectively; splenomegaly below 
the umbilicus; a mediastinal mass equal to more than one-third of 
the thoracic diameter; hemoglobin concentration >10 g/dl; leuko- 
cyte count > 50,000/ul and E rosette positively (E+) >25%. Patients 
were treated according to protocols of the Pediatric Oncology 
Group. 

immunologic characterization. After separation on a Ficoll- 
Hypaque gradient, leukemic marrow cells were evaluated by stan- 
dard techniques for surface immunoglobulins (slg). cytoplasmic 
immunoglobulins (clg),’ and receptors for sheep erythrocytes.* In 
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tions involving the 9p arm or were missing an entire 
chromosome 9. The prevalence rate of 9p abnormalities in 
cases of lymphomatous ALL was not significantly different 
from that in cases without lymphomatous features {1 of B v 
6 of 92, P = .62). Moreover, all seven patients with 9p 
abnormalities had the common ALL phenotype. These data 
suggest that although 9p abnormalities in childhood ALL 
occur frequently, there is no consistent association with 
either the occurrence of lymphomatous clinical features or 
the presence of T cell disease. 

è 1987 by Grune & Stratton. inc. 


pre-B or B cell ALL, >10% of blasts expressed cles or sigs, 
respectively. A case was considered E rosette positive if >40% of 
blasts formed heat stable E rosettes. The common ALL antigen 
(CALLA) was identified by microcytotoxicity with heteroantisera 
as previously described.” CALLA positivity was present if blasts 
exhibited >40% lysis above control cells. 

Chromosome analysis. Cells from bone marrow aspirates were 
processed directly and/or were subjected to short-term culture. For 
direct chromosome preparations, a fresh bone marrow aspirate 
{<0.5 mL) was immediately placed into a sterile centrifuge tube 
containing 10 mL of 0.075 mol/L of KCI and colcemid (0.06 
g/mL) and allowed to incubate at room temperature for 30 
minutes. For short term culture, a bone marrow aspirate (30.5 mL) 
was placed in 10 mL of RPMI 1640 supplemented with 10% fetal 
calf serum (FCS) for 24 hours at 37 °C and then exposed to colcemid 
(0.06 ug/mL for 2.5 hours at 4 °C. Routine methods were used for 
culture harvest, slide preparation, and GTG-banding. Karyotypic 
designations were assigned according to the International System for 
Human Cytogenetic Nomenclature.” 


RESULTS 


Sixty-one of the 100 cases studied had an acquired, 
cytogenetically abnormal leukemic clone. Seven (cases | 
through 7, Tables 1 and 2) had aberrations involving the 
short arm of chromosome 9; unbalanced rearrangements 
resulting in the loss of 9p material were noted in five (cases | 
and 4 through 7). Case 3 had a balanced translocation 
involving 9p22, and case 2 was missing an entire 9 chromo- 
some. None of the six translocations involving 9p were 
identical. The source of the materia! that was translocated to 
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Table 1. Clinical and Laboratory Findings for 14 Patients With “Lymphomatous ’ ALL With or Without Chromosome 9 Abnormalities 


Lymph 
Nodes Spleen Mediastinal 
Case No. Age/Sex {>3 cm) Size* Masst 
Abnormal 9p without lymphomatous features 
1 14/F e = — 
2 7/M — = — 
3 8/M = = — 
4 16/M = = ~- 
5 7/M — = — 
6 4/M + == m 
Abnormal 9p with lymphomatous features 
7 8/M — + ~- 
Normal 9p with lymphomatous features 
8 13/M + Ea = 
9 13/M E + — 
10 13/F + = + 
11 7/F -= — + 
12 16/M — — + 
13 7/M + _ ~ 
14 12/F + — 


{> 10 g/d 


Leukocyte E 
Hb Count Rosettes 
t>50 x 10°/uL) i>25%) CALLA sig cig 
en K oe on = 
= ee is + e ta 
i Rens ‘se -4 seni 
+ oe tots -4- i 
ES aii ie + ass a 
a on sone -+ 7, = 
Be a ps os oa 
4 $ FO O + 
+ = = + T = 
mt- oh of nies = m 
= + ob t ane ix 
i 4- 4 se a U 
k $ J t x = 
es is 4 “ie S 


Mme aaa a AIM aanvaar e e a i A A e e 


ALL, acute lymphocytic leukemia, CALLA, common ALL antigen. 
*Spleen tip palpable below the umbilicus. 

+Greater than one-third the thoracic diameter. 

tinconclusive. 


9p could be identified in four cases and involved chromo- 
somes 10, 12p, [2q, and 13. 

Eight children were diagnosed with lymphomatous ALL 
(cases 7 through 14, Tables | and 2). Their average age was 
11.5 years as compared with 6.7 years for patients without 
lymphomatous characteristics. Notable clinical features 
included a leukocyte count >50,000/uL in 5 cases, E rosette 
positivity in 5, clinically significant lymphadenopathy in 4, 
mediastinal mass in 3, and massive splenomegaly in 2. 


Immuno dhenotypes were pre-B cell (1); B cell (1); non-B, 
non-T, non--pre-B (1); and T cell (5). The proportion of T cell 
disease was predictably higher in the ]ymphomatous subset 
as compzred with the remainder of the patient population (5 
of 8, 63% v 6 of 92, 7%). The overall distribution of cases 
accordinz to immunophenotype was non-B, non-T, non- 
pre-B (58); T cell (11); B cell (3); and pre-B cell (28). 

Table | compares the clinical and laboratory findings for 
the 14 petients with lymphomatous ALL, with or without an 


Table 2. Cytogenetic Findings for the 14 Patients With ‘‘Lymphomatous” ALL With or Without Chromosome 9p Abnormalities 


scp appanage pyaar tenet Untranslated L A AAA ded AAE A E raaraa THAN aaaea aannam 


No. of 
Cells Abnormal 
Case No. Examined Celts (%} 


ore re a rpurmarens dat i AAAA ane res. ts sr aurea wren aa panay anaran 


Abnormal 9p without lymphomatous features 


Karyotype 


46,X%X/58 XX, - 9, — 13, — 18, +%,+2,4+4,4+5,4+5,.4+6,+8,+8, + 10, + 10, 


+20, +21, +21, +22, + der(9),4(9;13Np2 1:q13) 


47,XY,—9, + 12, + mar 

46. XY,t(2:12Mp13:p12),09 10}p22;q2 1) 

46,XY/45,XY, ~9, — 12, + der(9),1(9: 12Mpt1:q1 1) 

46,XY/60,XY, — 15,4+X,+2.4+4,+5,4+8,+ 10,4 11,4 12, 4+ 14,4 18,4 19, 


+20, +21,4+21, +dell6)(q2 1—-aqter),der(9),t(9:7}(p 13:7) 


1 32 78 
2 19 100 
3 21 100 
4 22 45 
5 20 95 
6 21 86 


Abnormal 9p with lymphomatous features 


46,XY/45,XY, — 1,der(6) tdic(6:?}p25:?):del(7q2Z—+qter},der{3), 
1(9:?7}ip 13:7) 


46 .XY/45,XY,del(7}(p 15--pter), tdic(9; 12}Hp11;p13) 


46. XY/46, XY .1(9;22):(q34;q1 1),t(8; 141(q1 1;q32)(8B8%)/47 XY 9:22) 


(q34:q11),t(8; 14q1 1:q2 2), + Ph (8%) 


7 21 95 
Normal 9p with lymphomatous features 

8 24 96 

9 20 0 46,XY 
10 19 79 

(4;5}(68%) 

11 19 0 46,XX 
12 20 0 46 XY 
13 13 69 
14 18 17 





46, XX/45,XX, — 10.14: 5 ql 1:9351 1%)/90,XXXX, — 10, — 10,114;5), 


46,XY/46,XY, — 10, + 16, +21,1(43q14q) 
46,XX/45,XX, -- 20,107? Mp22;7),.04; ep 14?) 


9p ABNORMALITIES IN “LYMPHOMATOUS” ALL 


abnormal chromosome 9p. All seven children with 9p abnor- 
malities had the common ALL phenotype (CALLA‘, E7, 
slg”, clg~). Only one child (case 7) had both lymphomatous 
ALL and an abnormal 9p chromosome. The prevalence rate 
of 9p abnormalities in cases of lymphomatous ALL was not 
significantly different from that in cases without these 
features (1 of 8 v 6 of 92, P = .62). In addition, lymphoma- 
tous features were as likely to be found in patients without 9p 
abnormalities as in those who had these features (7 of 93 v 1 
of 7, P = .63). 

All children with 9p abnormalities attained complete 
remission (CR). Only one (case 2) has relapsed in bone 
marrow (after 9 months of CR), and he is presently in CR 4 
years after a bone marrow transplant. The remainder of this 
group continue in CR for 6 to 36 months (mean 16 months). 
Three of the eight patients with a lymphomatous presenta- 
tion never attained CR. Of the 5 children achieving remis- 
sion, 3 have relapsed in the bone marrow and | has relapsed 
in the central nervous system. The child who had both 
lymphomatous clinical features and a 9p abnormality (case 
7) has been in continuous CR for 27 months. 


DISCUSSION 


This study demonstrated that abnormalities of the chro- 
mosome 9 short arm are nonrandom in childhood ALL, 
occurring in ~7% of affected children. No significant asso- 
ciation between abnormalities of 9p and the T cell immuno- 
phenotype or the so-called lymphomatous presentation of 
ALL was observed. The overall incidence of T cell ALL in 
our population of children with ALL and satisfactory cytoge- 
netic analyses was 11%, which is similar to that described in 
large series of children with ALL.” Furthermore, the 8% 
incidence of lymphomatous presentation noted in our series is 
similar to the 10% reported by others.'*'? All series reported 
have noted a poor outlook for children with lymphomatous 
presentations, as expected, since by definition such patients 
have more bulk disease and are generally older, factors that 
have adverse prognostic significance. 

Although most of the patients studied by Chilcote and 
colleagues and by Kowalczyk and Sandberg had 9p dele- 
tions, most of our patients had translocations involving 9p. In 
all three series, the abnormalities centered around the 9p21- 
22 region. In most cases that involved a translocation, the 
rearrangement was unbalanced and resulted in the loss of 9p 
material. In addition, the observation that an abnormal 
chromosome 9p was involved with different donor chromo- 
somes (8°, 10, 12p, 12q, 13, and 21*) suggests that deletion or 
rearrangement of material in the 9p21-22 region may play a 
role in malignant transformation of the cells. 
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Our observations regarding the lack of an association 
between abnormalities of the 9p and lymphomatous and/or 
T cell ALL are different from those of both Kowalczyk and 
Sandberg* and Chilcote and colleagues.’ This difference 
could in part relate to the older age distribution of the 
patients of interest studied in the two comparable study 
populations with 9p chromosome abnormalities. Four of the 
7 patients with the 9p in Chilcote’s series were > 16 years of 
age whereas only 2 of 7 of our patients were aged > 14 years. 
The mean age in the series of Kowalczyk and Sandberg was 
12.7 years. A known increased incidence of T cell ALL is 
associated with lymphomatous presentation in adolescent 
patients.'* Six out of seven of our children with ALL and the 
9p were males, but only one of them was an adolescent (16 
years). Thus, the older age distribution in other populations 
could result in more patients being classified as having 
lymphomatous leukemia. The selection of hemoglobin (Hb) 
>10 g/dL as a criteria for lymphomatous ALL may also 
skew the study population mean age since higher Hb at 
diagnosis have been associated with older age. A male 
predominance was also noted in both previous series. More- 
over our series of 100 children is larger than that reported by 
Chilcote and colleagues (41 children) or by Kowalezyk and 
Sandberg (70), and our immunophenotype distribution is 
typical for childhood ALL. Our success rate (61%) in 
obtaining abnormal karyotypes compares favorably to the 
series by Kowalezyk and Sandberg (60%). The success rate 
for the series reported by Chilcote and colleagues was not 
mentioned. Because cytogenetic methodologies used in both 
comparable studies are similar to our method, we doubt that 
technical differences account for the difference in our find- 
ings. 

Recently, other nonrandom translocations have been 
shown to be specific for certain clinical syndromes of acute or 
chronic leukemia, or for specific immunophenotypes of 
ALL." Furthermore, some of these translocations occur 
near genes encoding proteins involved with cell growth.’° In 
regard to abnormalities of 9p, the recent observation of 
Carrera and co-workers'’ that the gene encoding methyl- 
thioadenosine phosphorylase, an enzyme important in purine 
and polyamine metabolism in proliferating lymphocytes, is 
located on chromosome 9 is of considerable interest. The 
precise role of each of these chromosomal translocations in 
the process of malignant transformation is presently being 
investigated intensely. 
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Increased Resistance to Membrane Deformation of Shape-Transformed Human 
Red Blood Cells 


By Anne Chabanel, Walter Reinhart, and Shu Chien 


The study of shape-transformed human erythrocytes is of 
hematological interest since several clinical conditions are 
associated with erythrocyte shape changes. Using the 
micropipette technique, we examined the rheological 
behaviors of echinocytes induced by sodium salicylate or 
ATP depletion and of stomatocytes induced by chlorproma- 
zine. Both the discocyte—echinocyte and discocyte—stoma- 
tocyte transformations resulted in an increased resistance 


VIDENCE SHOWS that shape changes of the erythro- 

cyte found in clinical conditions or induced by experi- 
mental manipulation are associated with alterations in eryth- 
rocyte rheology, which may have detrimental influences on 
the microcirculation. Abnormal rheologic behavior of non- 
discocytic, pathologic erythrocytes have been described in 
several hematological disorders, including sickle cell dis- 
ease,' hereditary elliptocytosis,’ hereditary spherocytosis,’ 
and hereditary stomatocytosis.* Alterations in erythrocyte 
shape can also be induced by a variety of chemical agents.” 
Treatment of fresh human erythrocytes with lysolecithin, 
oleate? 2,4-dinitrophenol,’ sodium salicylate (SA),* alka- 
line medium,® or the Ca’*-ionophore A23187,’ as well as 
ATP depletion,’ can lead to crenation, ie, formation of 
echinocytes. On the other hand, erythrocytes become cup- 
shaped, ie, stomatocytes, following treatment with chlor- 
promazine" or local anesthetics,* as well as from cholesterol 
depletion.'*"* These shape changes occur rapidly and are 
reversible if the distortion is not carried out to the spherocyte 
stage. These shape transformations might be expected to 
cause alterations in the rheological properties of erythrocytes 
through direct modification of the cell geometry (surface 
area/volume ratio) or through associated alterations of the 
membrane skeleton. Indeed, several groups have reported 
that drug-induced shape changes of erythrocytes are accom- 
panied by alterations in the rheological properties of erythro- 
cyte suspensions.”'*'* Reinhart and Chien? found that 
erythrocyte passage through a narrow channel is impaired 
for stomatocytes and facilitated for echinocytes; these 
changes in rheological behavior were explained by altered 
surface area/volume relationship, as the isovolumic shape 
transformations were accompanied by a loss of surface area 
in stomatocytes and a gain of surface area in echinocytes. 
Because microsieving measurements cannot clearly disso- 
ciate the contributions of the various determinants of cell 
deformability (cell geometry, internal cell viscosity, and 
membrane mechanical properties), the present experiments 
were performed to investigate directly the membrane 
mechanical properties of shape-transformed erythrocytes by 
using the micropipette aspiration technique. Indeed, the 
micropipette test is suited to the study of membrane mechan- 
ical properties since it has been shown that the viscous 
dissipation inside the RBC in a small deformation during 
aspiration into a micropipette is negligible under isotonic 
conditions.” 
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to extension. Sodium salicylate-treated erythrocytes could 
be returned to normal morphology and normal membrane 
rheology by addition of chlorpromazine. We conclude that 
these morphological changes are associated with detri- 
mental effects on the intrinsic membrane deformability of 
the human erythrocyte. 

© 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 


RBC suspensions. Blood was drawn from healthy human volun- 
teers into heparinized vacutainer tubes. The blood was centrifuged 
at 1,500 x g for 10 minutes, and the plasma and the buffy coat were 
removed. The erythrocytes were washed three times in a standard 
buffer used throughout this study; this buffer contained 0.85 g/dL of 
NaCl, 0.25 g/dL of bovine serum albumin (BSA) and 0.1 g/dL of 
EDTA; its pH was adjusted to 7.4 with 0.1 N Tris. The washed 
erythrocytes were resuspended in the buffer at a hematocrit of 10%. 

Stomatocytes were produced in vitro with chlorpromazine hydro- 
chloride (CP), and echinocytes were produced with SA. A calculated 
volume of the suspending medium of the 10% erythrocyte suspension 
was replaced by an equal volume of a stock solution of CP (1.5 
mmol/L) or SA (160 mmol/L). The suspensions were incubated for 
20 minutes at room temperature and then used for measurements, 
ATP-depleted cells were obtained by incubation of whole blood 
under sterile conditions for 24 hours at 37 °C. The depleted erythro- 
cytes were resuspended in the autologous plasma to a hematocrit of 
10%. 

Micropipette technique. The micropipette technique has been 
described elsewhere.” Micropipettes with an internal radius (R,) of 
0.45 to 0.70 wm were prepared with a micropipette puller { Narishige 
Scientific Instrument Laboratory, Tokyo). The micropipette was 
filled with the buffer solution and mounted on a micromanipulator 
(Narishige). The wide end of the micropipette was connected to a 
pressure-regulating system, which consisted of two reservoir bottles 
and a damping chamber. By adjustment of the relative heights of the 
reservoir bottles with a micrometer device, desired pressure levels 
were preset and then imposed on the micropipette by turning a 
stopcock. The applied pressure was measured with a transducer 
(model 23 BC, Statham Instrument, Oxnard, CA) and recorded 
with an amplifier-recorder system (Gould, Cleveland). A suspension 
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of erythrocytes at a hematocrit level of ~0.05% was placed in a small 
round chamber located on the stage of a Nikon inverted microscope 
(Ehrenreich Photo-Optical, Garden City, NY). The erythrocytes 
were viewed with the use of a 100x objective and a 20x eye piece. 
The image was recorded with a video camera and tape recorder 
system (Panasonic, Division of Matsuchita Electric of America, 
Franklin Park, IL). The micropipette tip was manipulated for 
positioning at the surface of the erythrocyte membrane. A small 
portion of the erythrocyte was aspirated by a preset negative 
pressure for 20 seconds. The length of the aspirated tongue and the 
radius of the pipette were measured on a television screen. The 
membrane extensional rigidity, which reflects the steady-state resis- 
tance to deformation, was calculated from the relationship between 
the stress applied, (AP)R,, and the strain induced, D,,,/R,.” where 
AP is the applied negative pressure, R, is the internal radius of the 
micropipette, and D,,, is the maximum length of the aspirated 
portion within the micropipette. When the aspiration pressure was 
removed, the deformed erythrocyte segment in the micropipette 
decreased in length with time. and the cell recovered its original 
shape. All measurements were made at room temperature (21 to 


24 °C). For each experiment, the same micropipette was used to test 


shape-transformed RBCs and control RBCs. Statistical analysis of 


the data was performed by comparison of the slope of the linear 
regression using a paired Student's ¢ test’! or by analysis of variance 
followed by the Newman-Keuls test.” 

Scanning electron microscopy. RBC specimens were fixed in 
I.0% glutaraldehyde in cacodylate buffer. After two cacodylate 
buffer rinses, the specimens were processed through an ethanol 
dehydration series from 30% to 100% ethanol. The cells were 
resuspended in 100% ethanol and gently dropped onto a glass 
coverslip that had been cleaned with ethanol. After being air-dried, 
the coverslip with cells was glued onto aluminum stubs (JEOL USA, 
Electron Optics Division, Peabody, MA) with silver conductive 
paint. The stubs with samples were coated with gold-palladium in a 
sputterer (Hummer l; Technics, Alexandria, VA), and the speci- 
mens were viewed and photographed in a scanning electron micro- 
scope (JEOL3S; JEOL USA) at 25 k\ 


RESULTS 


Bessis’ nomenclature” was used to classify erythrocytes 
according to their shape. Thus, a discocyte is a normal 
biconcave RBC with a smooth contour, echinocyte I is a flat 
erythrocyte with an irregular contour, echinocyte II is a flat 
erythrocyte with one or several spicules, and echinocyte III is 
an ovoid or spherical cell with numerous spicules evenly 
distributed over its surface. Stomatocytes are bowl-shaped 
cells with a single concavity (stoma); the concavity is large 
and shallow in stomatocytes I, deep and narrow like a 
token-slit in stomatocytes II, and deep and folded in stomato- 
cytes II]. Spherostomatocytes have a smaller diameter and 
small irregular invaginations. The morphology correspond- 
ing to this classification is illustrated in Fig 1. 

Erythrocytes incubated with 25 or 100 uwmol/L of CP 
produced stomatocytes I through III. Incubation of erythro- 
cytes with 20 mmol/L of SA or depletion of their ATP 
content for 24 hours at 37 °C produced echinocytes over the 
whole range from echinocytes I to spheroechinocytes. The 
micropipette test was carried out on every type of erythro- 
cyte. Their mechanical behavior can be compared by plotting 
the steady-state deformation (D,,,) normalized for the pi- 
pette radius (R,) against the stress parameter (AP)R,. When 
the aspiration was performed at a spicule site, the length of 
the protrusion inside the pipette prior to the application of 
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Fig 1. 


Scanning electron micrographs of contro! discocytes 
(D); echinocytes type | (El), type II (EID. and type III (Elll): stomato- 
cytes type | (SI), type II (Sil), and type III (SIII); and spherostomato- 
cytes (SphS). Bar = 2 um 


aspiration pressure was subtracted from the length of the 
tongue induced by the negative pressure to give the steady- 
state deformation (D,,,,). Figure 2 shows the results for the 
echinocytes. The slope (K) of the stress—strain relationship 
was obtained by linear regression analysis of the data on 
Dim/ Rp Y (AP)R,. The extensional rigidity was calculated as 
| /0.245 K; the value of 0.245 was based on the model 
described in ref. 20. Because the geometry at the point of 
aspiration is not an infinite plane, in shape-transformed 
RBCs we could not readily use the mathematical model to 
derive values for the intrinsic membrane elastic modulus; ie, 
due to the geometry of the cell, the micropipette test cannot 
distinguish between an effect on the membrane elastic 
modulus itself and a consequence in overall cell geometry 
that might generate local membrane tensions. By analogy 
with the work of Evans and colleagues“ and Nash and 
co-workers,” who studied sickle cells (another type of abnor 
mally shaped RBC) by micropipette test, we used values for 
the extensional rigidity to allow simple comparison of the 
resistance to deformation of shape-transformed RBCs and 
control discocytes. Extensional rigidity significantly and 
progressively increased with the degree of echinocytosis 


(Table 1) 
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Fig2. Strain (D,,,/R,)-stress (AP x R,) relationship for disco- 
cytes (C, @); and echinocytes type | (El. 1}, type (EH, A), and type 
il (EM, ©}. Lines represent linear regressions computed from n 
data pairs for each group {n > 55). Data points were grouped 
according to AP xR,, with mean + SEM shown for each group. 


There was no significant difference in membrane rheologi- 
cal behavior between the echinocytes induced by SA or ATP 
depletion (Table 1). Less stress was required to deform an 
echinocyte between the spicules than at a spicule site (Table 
1). The intercept on the strain axis (ordinate) at zero stress 
decreased with the degree of echinocytosis (Fig 2). 

Because it was often difficult under light microscopy to 
determine the degree of stomatocytosis, stomatocytes I 
through HI were grouped together in the analysis. Figure 3 
compares the elastic behavior of stomatocytes f through HHI 
and spherostomatocytes induced by different concentrations 
of CP to that of control discocytes. The value of extensional 
rigidity for the control cells in the stomatocyte set of experi- 
ments (Table 2) was different from that in the echinocyte set 
of experiments (Table 1). These two sets of experiments 
were performed on different days with different blood 


Table 1. Comparison of Membrane Elasticity Between 
Discocytes and Echinocytes 


Extensional 
No. of Rigidity * 
Group Cells Tested 110°? dynes/erm) P Value 
Discocytes 55 3.8 + 0.2 
Echinocytas | 25 5.3 20:6 NSt 
Echinocytes N 55 6.8 + 0.4 <O.05¢ 
Echinocytas Ill 53 9.6 + 1.0 <0.05+ 
Comparison of different sites on echinocytes I! 
perwan spicules 16 4,5 + 0.3 <0.05t 
At spicules 55 6.8 + 0.4 
Comparison of two methods for producing echinocytes Hi 
Salicyiete 36 7.6 + 0.7 NSt 
ATP depletion 17 8.9 + 1.1 





*Values are mean + SEM. 

țF values are based on an analysis of variance followed by the 
Newman-Keuls test for the different types of echinocytes as compared 
with discocytes.”” 


tP values are based on Student's t test (two-sided).”' 
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Fig3. Strain (D,,./R,)-stress (AP x R,) relationship for disco- 


cytes (C, @), stomatocytes types | through HI (SI through Hi, A), and 
spherostomatocytes (SphS, ©). Lines represent linear regressions 
computed from n data pairs for each group {n > 39). Data points 
were grouped according to AP x R, with mean + SEM shown for 
each group. 


donors. The overall range of values for extensional rigidity 
for the control cells was 3 x 107° to 12 x 10° dynes/cm. 
The stress needed to obtain a comparable D,,,/R, was 
approximately three times greater for stomatocytes | 
through HH than for discocytes, and it was ~ 30 times greater 
for spherostomatocytes than for discocytes (Fig 3). Values 
for the extensional rigidity are shown in Table 2. 

These data show that both the discocyte-echinocyte and 
the discocyte-stomatocyte transformations resulted in 
increases of membrane extensional rigidity. The membrane 
rheological behavior of erythrocytes that had been trans- 
formed to echinocytes by SA (20 mmol/L) and subsequently 
returned to a discocytic shape by addition of CP (2.5 
umol/ L) was also studied (Fig 4). With the insertion of both 
of these drugs in the erythrocyte membrane, the rheological! 
behavior of the membrane returned to normal as the disco- 
cytic shape was recovered. 


DISCUSSION 


This study demonstrates that membrane deformability is 
decreased in shape-transformed erythrocytes (both echino- 
cytes and stomatocytes) as assessed by the micropipette 
technique. Although no data exist on stomatocytes, several 
groups have studied echinocytes. Leblond,® using a micropi- 
pette with a diameter of 1.5 um, found a decreased mem- 
brane deformability in echinocytes induced by oleate, high 
pH, aged plasma, and ATP depletion, which is in agreement 
with our results. Baker, measuring erythrocyte deformabil- 


Table 2. Comparison of Membrane Elasticity Between 
Discocytes and Stomatocytes 


ATEN anaua yanan PMN NP 


Extensional 
No. of Rigidity * 

Group Cells Tested 1107? dynes/crm) F values t 
Discocytes 50 7.5 + 0.4 = 
Stomatocytes {-}H 94 29.8 + 1.7 0.01 
Spherostomatocytes 16 163.9 + 20.4 0.07 
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*Values are mean + SEM. 

+P values are based on an analysis of variance followed by a 
Newman-Keuls test for the different types of stomatocytes as compared 
with discocytes.”” 
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APxRp (dyn/cm) 


Fig 4. Normalized membrane deformation (D,,,/R,) at two 
different deforming stresses (AP x R,) for control discocytes (C), 
echinocytes produced by 20 mmol/L of salicylate (SA), and after 
biconcave shape recovery with the addition of 2.5 pmol/L 
chlorpromazine (SA + CP). The vertical bars represent SEM. 


ity by aspiration in Nuclepore filters with 0.6-um pores, 
found that ATP-depleted erythrocytes were 16% less 
deformable than fresh cells. Meiselman and co-workers,” 
however, using the micropipette test, reported that the 
decreased membrane deformability of ATP-depleted eryth- 
rocytes was not statistically significant. In these two last 
studies, the authors did not report any correction for the 
length of the spicule at rest inside the micropipette or the 
filter pore. The absence of such correction would lead to an 
overestimation of the length of the pressure-induced defor- 
mations and an underestimation of the elastic modulus for 
the echinocytes; this may explain the lesser effects seen in 
their results as compared with the present data. When we 
subtracted the mean spicule length from the pressure- 
induced pseudopod length, using Baker’s technique with 
Nuclepore filters,” the membrane deformability of echino- 
cytes also decreased (W. Reinhart, A. Chabanel, and S. 
Chien, unpublished observations, April 1985) to an extent 
similar to that found by the micropipette technique in the 
present study. Leblond® reported that ATP-depleted cells 
were much more rigid than drug-crenated cells. Although we 
also observed a greater rigidity of the ATP-depleted echino- 
cytes as compared with the echinocytes induced by SA, the 
difference was not statistically significant. Determining the 
deformability of resealed human erythrocyte ghosts in the 
ektacytometer, Shrier™ found that the echinocytic ghosts 
were more deformable than the discocytic ghosts, whether 
the ghosts were prepared from discocytic or echinocytic 
erythrocytes. He concluded that acquisition of the discocytic 
shape in ghosts is accompained by an increase in membrane 
rigidity. The reason for the discrepancy between his results 
and ours is not clear. One possible explanation is that the 
influence of the cellular geometry is dominant over that of 
membrane deformability in measurements performed with 
the ektacytometer. In that case, Schrier’s results are consis- 
tent with the results of Reinhart and Chien" on filtration 
through narrow pores, in which cell geometry is a major 
determinant of filterability; they found that echinocyte pas- 
sage through narrow pores is facilitated rather than retarded 
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as compared with that of discocytes. Meiselman and co- 
workers rzported that the suspension viscosity of echinocytes 
induced isovolumically by 2.4-dinitrophenol, 2.4,6-trinitro- 
phenol, or SA” and by ATP depletion’? was higher than that 
of normal cell suspensions at low shear rates but nearly 
normal at high shear rates. Because it was believed that 
change in cellular deformability would be reflected by a 
change in suspension viscosity at high shear rate, they 
concluded that altered morphology, rather than erythrocyte 
membrane deformability, was the cause of the rheologic 
changes. Minor or moderate changes in membrane rheology, 
however, may be detected by suspension viscosity measure- 
ments on y at low or medium shear rates.” Considered thus 
the viscometric results obtained by Meiselman and Baker” 
are in aceord with our micropipette measurements in show- 
ing that shape transformation of erythrocytes results in an 
increased resistance to membrane extension. 

This increase in resistance to membrane extension could 
be the consequence of (a) changes in the molecular organiza- 
tion of the membrane due to drug insertion or ATP depletion 
and/or (b) changes in the physical properties due to modifi- 
cation of the cell shape. Several groups have reported 
changes of the protein-lipid interface induced by CP% 
suggesting that interaction between the drugs (CP or SA) 
and the erythrocyte membrane constituents may lead to the 
increase in membrane rigidity. When both drugs were incor- 
porated t cause the recovery of normal biconcave cell shape, 
we found that membrane deformability also returned to 
normal. This is in agreement with the results of Meiselman,” 
who showed that both the morphology and rheology of 
2,4-dinitrophenol-treated erythrocytes could be returned 
toward those of fresh control erythrocytes by addition of the 
antagonist chlorpromazine. Although we cannot rule out the 
possibility that when both drugs are added they have 
mutually compensating effects in their interaction with the 
membrane constituents, our data seem to support the concept 
that erythrocyte morphology per se has an important relation 
to the membrane mechanical properties. Leblond® has pro- 
posed that the increased resistance to deformation observed 
in echinacytes may reflect the presence of new forces whose 
action is to produce foldings on the cell surface and hence to 
resist extension into the micropipette in response to pressure 
aspiration. We found that the intercept on the strain axis at 
zero stress decreased with the degree of echinocytosis (Fig 
2), indicating that increasing stresses are required to reach a 
given extensional deformation. This might reflect an increase 
in the resting membrane tension as proposed by Leblond.® 
Although we do not know if the spicule sites are predeter- 
mined, the present data show that the formation of spicules 
on an erythrocyte results in regional variations of physical 
properties on the membrane. 

In con-lusion, the present data demonstrate that changes 
in local membrane properties associated with overall erythro- 
cyte shape transformation affect its membrane deformabill- 
ty. The decrease in erythrocyte membrane deformability 
following shape transformation could be of importance in the 
microcirculation when the erythrocyte must deform to nego- 
tiate its entrance into narrow capillaries. 
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High-Dose Cytosine Arabinoside and Mitoxantrone: A Highly Effective Regimen 
in Refractory Acute Myeloid Leukemia 


By W. Hiddemann, H. Kreutzmann, K. Straif, W.D. Ludwig, R. Mertelsmann, R. Donhuijsen-Ant, 
E. Lengfelder, Z. Arlin, and T. Büchner 


in a clinical phase i/li study, high-dose cytosine arabinoside 
and mitoxantrone (HAM) were given in combination to 40 
patients with refractory acute myeloid leukemia. All 
patients had received a 9-day combination of thioguanine, 
Ara-C, and daunorubicin (TAD-9) as standardized first-line 
treatment. Refractoriness was defined as (a) nonresponse 
against two TAD-3 induction cycles, (b) early relapse 
within the first 6 months on monthly maintenance or after 
TAD-9 consolidation, (c) relapse after 6 months with 
nonresponse against one additional TAD-9 cycle, and {d} 
second and subsequent relapses after successful TAD-9 
therapy at the preceding relapse. Therapy consisted of 
HD-Ara-C 3 g/m’ every 12 hours on days 1 through 4; 
mitoxantrone was started at 12 mg/m’/day on days 3, 4, 
and 5 and was escalated to 4 and 5 doses of 10 mg/m’*/day 
on days 2 through 5 and 2 through 6. Of the 40 patients, 21 
achieved a complete remission (53%), 1 patient had a 


ESPITE INTENSIVE induction therapy and subse- 
quent myelosuppressive treatment in remission, most 
patients with acute myeloid leukemia (AML) still relapse 
with their disease and ultimately die of drug-resistant leuke- 
mia. High secondary remission rates and even prolonged 
survival have recently been reported, however, with adminis- 
tration of high-dose cytosine arabinoside (HD-Ara-C) alone 
or in combination with anthracyclines, asparaginase, or 
m-AMSA.'* Patients with leukemias refractory to conven- 
tional-dose Ara-C especially benefitted from the addition of 
anthracyclines.’ These data are in accordance with previous 
cell kinetic studies revealing a conditioning effect of Ara-C 
for the subsequent administration of daunorubicin or doxoru- 
bicin.’”'° They are further supported by recent experimental 
results indicating a time-dependent synergistic effect of 
high-dose cytosine arabinoside (HD-Ara-C) and mitoxan- 
trone." 

These findings and the significant antileukemic activity of 
mitoxantrone as a single agent'*”'® as well as its low cardiac 
toxicity? prompted us to initiate a phase I/II study of 
HD-Ara-C and mitoxantrone (HAM) in patients with 
refractory AML. All patients were recruited from the multi- 
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partial remission, and 5 patients were nonresponders. 
Thirteen patients died in aplasia due to infections (n = 11), 
pericard ac effusion, or acute cardiomyopathy. Nonhema- 
tologic side effects consisted predominantly of nausea and 
vomiting, mucositis, and diarrhea. Central nervous system 
{CNS) symptoms were observed during six treatment 
courses. Recovery of blood counts occurred at a median of 
27 days from the onset of treatment; the median time to 
complete remission was 36 days. Two of the 21 responders 
underwent successful bone marrow transplantations. The 
median remission duration for the remaining 19 patients is 
4.5 months, and the median survival time is 9 months. 
These data emphasize that HAM has high antileukemic 
activity mrefractory AML and strongly suggest starting the 
combination at earlier stages in AML therapy. 

e 1987 ty Grune & Stratton, Inc. 


center Cerman AML Cooperative Group trial” and had 
therefore received a standardized first-line treatment with a 
9-day combination of thioguanine, Ara-C, and daunorubicin 
(TAD-9). 

HD-Ara-C was given every 12 hours at a dose of 3 g/m? by 
a 3-hou- infusion to compensate for its rapid metabolic 
clearance and because steady-state plasma levels are not 
achievec before ~45 minutes.” The 3-hour infusion is also 
thought to reduce cerebellar toxicity associated with short- 
term administration.” The number of HD-Ara-C infusions 
was restricted to 8 to avoid the sustained nonhematologic 
side effects reported for repetitive doses beyond 8 to 10.747 
To take advantage of the previously mentioned conditioning 
effect of Ara-C, mitoxantrone was started on day 3 at 12 
mg/m?’ /day and was repeated on days 4 and 5. In subsequent 
patients the total dose was escalated to 10 mg/m’/day for 5 
days, which is in the range of the most effective single-agent 
regimens. s 

Patients were eligible for the HAM regimen only if they 
were refractory to prior treatment. ™ Hence, they had either 
failed on two TAD-9 courses for induction treatment, had 
relapsed within the first 6 months on monthly maintenance 
including conventional dose Ara-C or after TAD-9 consoli- 
dation, were nonresponders to an additional TAD-9 course in 
later occurring first relapses, or had second or subsequent 
recurrences after successful TAD-9 therapy at the preceding 
relapse. 


MATERIALS AND METHODS 


Between January 1985 and March 1986, 40 patients entered the 
study frem seven centers in Germany. Their ages ranged from 18 to 
66 years (median 45 years). All patients had received one to two 
courses Gf the TAD-9 regimen for induction, consisting of thiogua- 
nine 20C mg/m’/day on days 3 to 9, Ara-C 100 mg/m*/day by 
continuous infusion on days | and 2 followed by short-term infusions 
of Ara-C 100 mg/m’ every 12 hours on days 3 to 8, and daunorubi- 
cin 60 mg/m’/day on days 3 to § (TAD-9). For postinduction 
treatmert, patients received TAD-9 consolidation and/or monthly 
maintenance therapy with sudcutameous Ara-C alternately com- 
bined with daunorubicin, thioguanine, or cyclophosphamide.” 
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Besides Ara-C at conventional dosage, all patients were therefore 
exposed to daunorubicin at cumulative doses between 180 and 990 
mg/m? (median 450 mg/m’). All patients were refractory to conven- 
tional therapy as defined earlier (Table 1). 

In three cases, AML was preceded by myelodysplastic syndrome. 
Two additional patients had secondary leukemias after radiation and 
chemotherapy for breast cancer and malignant seminoma, respec- 
tively. Four patients with early relapses had central nervous system 
(CNS) involvement. 

Prior to therapy all patients gave informed consent after having 
been advised about the purpose and investigational nature of the 
study as well as of potential risks. 

Therapy consisted of HD-Ara-C 3 g/m? every 12 hours by a 
3-hour infasion on days | through 4. Mitoxantrone was started at 12 
mg/m’/day as a 30-minute infusion on days 3, 4, and 5 and was 
escalated in subsequent cases to four and five doses of 10 mg/ 
m’/day on days 2 through 5 and 2 through 6, respectively (Fig 1). 
For the prophylaxis of HD-Ara-C-induced photophobia and con- 
junctivitis, all patients received glucocorticoid eye drops every 6 
hours starting before the first dose and continuing for 24 hours after 
the last dose of HD-Ara-C. 

Toxicity was quantitated according to the World Health Organi- 
zation (WHO) grading system.” For the most frequently encoun- 
tered side effects, toxicity grades 3 and 4 are thereby defined as 
follows: nausea and vomiting—vomiting requiring therapy (grade 
3); intractable vomiting (grade 4); diarrhea—repetitive diarrhea for 
>2 days requiring therapy (grade 3); severe hemorrhagic diarrhea 
with dehydration (grade 4); mucositis—ulcers requiring liquid diet 
only (grade 3); alimentation impossible, parenteral nutrition 
required {grade 4); and hepatic-—increase in liver enzymes or 
bilirubin to 5 to 10 times the normal values (grade 3) or to > 10 times 
the normal values (grade 4). In addition, cardiac function was 
monitored in all patients by echocardiographic measurement of left 
ventricular shortening fraction prior to therapy and at 4- to 6-week 
intervals thereafter. 

Evaluation of antileukemic efficacy was based on CALGB crite- 
ria.“ Complete remission was defined by the disappearance of 
leukemic blasts from the bone marrow and blood as well as from 
possible extramedullary sites, including the cerebral fluid, and the 
normalization of peripheral blood counts to thrombocytes 
> 100,000 uL and granulocytes >1,500/nL. The duration of critical 
cytopenia was evaluated by the time for granulocyte recovery to 


Table 1. Patient Characteristics and Entry Criteria 


Characteristics 

n 40 
Age 18-66 yr {median 45 yr} 
Sex 

F 21 

M 19 
FAB subtypes 

M+ 3 

Mz 14 

M3 — 

M4 13 

M5 9 

MG 1 
Previous dose of daunorubicin 180-990 mg/m’ 

Entry Criteria n 

Primary nonresponse against two 

TAD-9 induction cycles 10 
Early relapse within first 6 months 13 
TAD-3-resistant late relapse 8 
Second and higher relapse 9 
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Fig 1. Schema of the high-dose cytosine arabinoside (HD- 
Ara-C)/mitoxantrone (HAM) protocol indicating the uniform 
dosage of HD-Ara-C 3 g/m’ every 12 hours on days 1 through 4 
and a dose escalation for mitoxantrone from 12 mg/m*/day on 
days 3 through 5 to four and five doses of 10 mg/m*/day on days 2 
through 5 and 2 through 6. 


>500/nL and thrombocytes to >20,000/uL from the onset of 
treatment. 


RESULTS 


Thirty-seven of the 40 patients were treated with one 
course of HAM, and three patients received a second cycle of 
the same regimen, accounting for 43 treatment courses. 
Eight cycles were carried out at the starting dose of mitoxan- 
trone of 12 mg/m*/day x 3. In 16 and 19 courses, respec- 
tively, mitoxantrone was escalated to 4 and 5 doses of 10 
mg/m?/day. 

Nonhematologic toxicity. A summary of the nonhema- 
tologic side effects is given in Table 2. Nausea, vomiting, 
diarrhea, and mucositis were the most frequent side effects, 
occurring in 39 (91%), 35 (81%), and 30 (69%) of the 43 
treatment courses. Severe side effects with toxicity grades of 
3 and 4 according to WHO criteria were seen only in 9 
(21%), 9 (21%), and 7 (16%) patients. Apart from more 
pronounced mucositis at the highest dose of mitoxantrone, 


Table 2. Nonhematologic Toxicity 





WHO WHO 
Toxicity n (%} Grade 1/11 (%) Grace HUT 194) 

Nausea/vomiting 39 (91) 30 (70) 9 (27) 
Diarrhea 35 (81) 26 (60) 9 (21) 
Mucositis 30 (70) 23 (53) 7 (16) 
Hepatic 14 (26) 9 (21) 2 {8} 
Cardiac 8 (19) 5 (12) 3 {7} 
CNS 6 (14) 2 (5) 4 (9) 
Skin 5 (12) B8(12) 00 mee 
Eye 4 (9) 4 (9) me 
Renal 3 (7) 3 (7) ne 


Numbers and corresponding percentages in parentheses refer to all 43 
treatment courses (100%). 
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Table 3. Entry Criteria and Treatment Response to HAM 
Response CR PR ED NR 


Primary nonresponse 1 — 6* 3 10 
Early relapse (<6 months CR) 9 1 2 1 13 
TAD-9-resistant late relapse 3 — 5ł¢ —— 8 
8 
1 





Second and higher relapses — — 1 9 


2 1 13 5 40 


HAM, HD-Ara-C and mitoxantrone; CR. complete remission; PR, 


partial remission; ED, early death: NR, non-response. 
*includes one death due to pericardiac effusion. 
tincludes one death due to acute cardiomyopathy. 


toxicity was not different among the three applied dose 
escalations. 

Two fatal cardiac events occurred at the lowest dose of 
mitoxantrone. One 31-year-old woman patient who had 
received 360 mg/m? of daunorubicin during prior therapy 
died of sudden cardiac failure 12 hours after the first dose of 
mitoxantrone. Autopsy revealed an acute cardiomyopathy. 
The other patient succumbed to a massive pericardiac effu- 
sion because of leukemic infiltration. Atrial flutter was 
observed in a third patient with preexisting cardiac arrhyth- 
mias during the initial HD-Ara-C infusion but was easily 
controlled by antiarrhythmic medication and did not cause 
cessation of treatment. Minor arrhythmias not requiring 
therapy occurred in two patients; in three additional patients, 
a reduction of left ventricular shortening fraction was 
revealed 3 to 8 weeks after HAM without any clinical signs 
of cardiac insufficiency. 

In addition to two patients with transient dysdiadochoki- 
nesia, four patients aged 54, 59, 60, and 64 years had more 
severe CNS symptoms consisting of dysarthria, ataxia, bal- 
ance disturbances, and somnolence. The clinical symptoms 
were completely reversible within 2 to 3 weeks in two 
patients; the other two died of septicemia during bone 
marrow aplasia. 

Hematologic effects and antileukemic efficacy. Twen- 
ty-one of the 40 patients (53%) achieved complete remission 
(CR), 19 of them after one HAM course and 2 of them after 
two HAM courses. One additional patient obtained a partial 
remission (PR) with a normalization of peripheral blood 
counts but a residual leukemic cell population in the bone 
marrow of 15% blasts. 





HIDDEMANN ET AL 


In five patients (13%), the leukemic blasts persisted or 
recovered after bone marrow aplasia: they were therefore 
considered nonresponders. 

Three of the four patients with initial CNS involvement 
had no evidence of residual leukemic blasts in the cerebral 
fluid | week after completion of HAM without any intrathe- 
cal therapy and went into CR; the fourth patient died in 
aplasia Cue to an overwhelming infection. 

Thirty-three of the 40 patients developed fever during 
bone marrow aplasia, and 11 (28%) died of infections 
between days 7 and 36 (median day 14) from the onset of 
therapy. Posttreatment bone marrow smears were available 
in nine cases and revealed residual leukemic blasts in only 
one patient. The two additional deaths caused by acute 
cardiomyopathy and pericardiac effusion occurred on days 2 
and 7, respectively. 

Analysis of response in relation to the previously defined 
entry criteria (Table 3) revealed similarly high CR rates in 
patients with early relapses (9 of 13) in TAD-9—resistant late 
relapses (3 of 8) and in patients with second and subsequent 
leukemic recurrences (8 of 9). Of the ten primary nonre- 
sponders only one patient achieved a CR. This group 
includes, however, two cases with antecedent myelodysplas- 
tic syndromes, two with additional ineffective salvage treat- 
ment by COAP or Aclacinomycin A and VP 16 and the 
patient who died of a pericardiac effusion (Table 4). 

In patients achieving a CR (n = 21) or PR (n = 1), the 
median recovery time of granulocyte counts to >500/uL and 
thrombocyte counts to > 20,000/n1 was 27 days (range 21 to 
150 days) from the start of treatment. The median time to 
complete remission was 36 days (range 24 to 190 days). No 
cases of prolonged aplasia occurred except for one patient at 
third relapse who had been exposed to previous multiple 
intensive regimens and who fulfilled CR criteria after 190 
days. 

Of the 21 CR patients, two underwent allogeneic bone 
marrow <ransplantations after 1* and 2* months of CR and 
both are presently in continuous CR at 16° and 20° months. 
Four patients are in ongoing remission at 1* to 7” months, 
whereas 15 relapsed after | to 8 months. The median 
remissions duration is 4.5 months. Of the 15 relapsed patients. 
8 were successfully reinduced with a modified HAM regi- 
men, and 7 were refractory or died. The overall survival 


Tabie 4. Characteristics of Primary Nonresponders Against Two TAD-9 Courses 
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HD-AraC/Mitoxantrore 


Antecedent Additional 
Age (yr) Hematological Disorder Pretreatment Dose Response Cause of Death 
46 coe a j ED day 36 infection 
47 =< 5 x COAP i NR _ 
59 — = il ED day 5 Pericardiac effusion 
51 = vee 2x il ED day 7 infection 
Second course 
66 — Acla/VP 16 ii NR a 
55 = — ii NR —_ 
50 — — Hi ED day 14 infection 
59 Sideroachrestic — iH ED day 35 infection 
anemia 
60 Sideroachrestic oe i ED day 19 infection 
anemia 
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times are 3 months for all patients and 9 months for the 21 
CR cases. 


DISCUSSION 


In refractory and relapsed acute leukemias, clinical phase 
I/I studies are performed not only as salvage therapy for 
patients with advanced disease but also as a search for new 
agents or drug combinations with antileukemic activity that 
will broaden the spectrum of leukemia treatment and may 
subsequently be incorporated into first-line therapy. The 
clinical evaluation of these trials and the interstudy compari- 
son of treatment results are substantially hampered, how- 
ever, by the great heterogeneity of patients entered on phase 
I/II protocols. In addition to various forms of first-line 
therapy, differences in the duration of the preceding remis- 
sion and in the definition of patient eligibility may cause 
divergent results and must be considered.” 

The present phase H/H study combining HD-Ara-C and 
mitoxantrone (HAM) was based on the first-line multicenter 
trial of the German AML Cooperative Group” and was thus 
applied under standardized conditions for the initial treat- 
ment by TAD-9, producing a 62% CR rate in 844 adults of 
all ages. Furthermore, rigid criteria for the definition of 
refractoriness against first-line therapy were applied accord- 
ing to the analysis of relapse pattern and response to reinduc- 
tion attempts with the TAD-9 regimen initially used. This 
evaluation indicated a substantially inferior remission rate in 
patients relapsing within the first 6 months (19% CR) as 
compared with later relapses (45% CR). TAD-9 was also 
ineffective in cases with second and subsequent leukemic 
recurrences producing 21% CR. Hence, patients were 
eligible for HAM only if they had either failed on induction 
therapy, relapsed within 6 months during intensive monthly 
maintenance treatment or after a full-dose induction-type 
consolidation, were nonresponders to a reinduction attempt 
with TAD-9 at later recurrences, or were at second or 
subsequent relapses. Under these prerequisites, the response 
rate of 53% CR demonstrates a substantial antileukemic 
activity of HAM in refractory AML. 

Willemze and colleagues’ treated 14 similarly selected 
patients by a six-day course of HD-Ara-C alone and obtained 
6 CR and | additional hematologic CR with persistent 
extramedullary leukemia: however, they reported consider- 
able pulmonary toxicity in three patients. This side effect 
was not observed by Herzig and co-workers at the same dose 
level,? with which 12 of 19 evaluable patients with AML 
achieved a CR. Five patients dying during the first 3 weeks 
were considered inevaluable, and the responses were not 
classified according to prior therapy or relapse status. The 
overall study comprised 36 patients who had received dif- 
ferent types of primary treatment and of whom only 14 were 
considered refractory against conventional-dose Ara-C. Ina 
recent report by the same group,” 3 of 15 patients with AML 
resistant to conventional-dose Ara-C responded to 12 doses 
of HD-Ara-C whereas addition of an anthracycline produced 
15 CR in 27 similarly selected AML patients. Remission 
rates for combinations of HD-Ara-C with m-AMSA range 
from 33% to 70%.*° 8 These trials are hardly comparable, 
however, because of different drug schedules and doses. In 
addition, information about the prior therapy and eligibility 
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criteria including the resistance to conventional-dose Ara-C 
are not available. The latter data are given for two recent 
trials with sequential HD-Ara-C and asparaginase in chil- 
dren and adults*** achieving CR in 42% to 68% of cases. The 
earlier study? also included patients without prior Ara-C 
treatment; in both trials, patients with late relapses were 
eligible if they were still receiving maintenance therapy. 

These data emphasize the limits of interstudy comparison 
but strongly suggest that HAM is at least equivalent or 
possibly even superior to other HD-Ara-C regimens as well 
as to the combination of mitoxantrone and VP-16° in truly 
refractory AML. Preliminary results of a recent study using 
HD-Ara-C and mitoxantrone at a different dosage and 
timing confirm the high overall remission rate, although 4 of 
10 patients needed more than one treatment cycle to obtain a 
CR. 

Analysis of treatment response according to the previously 
defined entry criteria revealed high remission rates in 
patients with early relapses and TAD-9-resistant late 
relapses as well as in second and subsequent recurrences, but 
only one CR in ten patients with primary resistance against 
two TAD-9 induction cycles. Although additional factors 
such as antecedent myelodysplastic syndromes and further 
salvage therapy must be taken into account in four patients, 
these results seem to imply that primary refractoriness 
against two TAD-9 cycles might not be overcome by HAM. 
Due to the relatively small number of truly evaluable 
primarily resistant patients, this conclusion must be consid- 
ered preliminary and deserves confirmation by additional 
cases. 

Despite intensive prior therapy and exposure to a median 
cumulative dose of 450 mg/m? of daunorubicin (range 180 to 
990 mg/m’), the toxicity of HAM was acceptable at al] dose 
levels. The only cardiac death that was obviously related to 
therapy consisted of an acute cardiomyopathy in a 3l- 
year-old patient without a prior history of cardiac disorder 
who had previously received 360 mg/m? of daunorubicin. 
Two cases of minor arrhythmias and one incidence of atrial 
flutter were observed during the first infusion of HD-Ara-C, 
as has been described by others.’ and were easily controlled 
by antiarrhythmic medication. A second cardiac death was 
due to a massive pericardiac effusion because of leukemic 
infiltration and was not related to treatment toxicity, Three 
other patients developed a reduction of left ventricular 
shortening fraction 3 to 8 weeks after HAM without any 
clinical signs of cardiac insufficiency. The incidence and 
severity of CNS toxicity are comparable with that of other 
HD-Ara-C regimens, as are the hematologic effects of 
HAM. Blood counts recovered to granulocytes »500/pL. and 
thrombocytes >20,000/uL at a median of 27 days after the 
onset of therapy, and the median time to complete remission 
was 36 days. Corresponding recovery times are reported for 
combinations of HD-Ara-C with anthracyclines, m-AMSA, 
and asparaginase. 6? 

The overall early death rate of 33%, which certainly 
exceeds the results of some other HD-Ara-C trials, must be 
judged in consideration of the rigid eligibility criteria for the 
present study. Patients with primarily refractory AML or 
nonresponse to TAD-9 at late occurring relapses are in 
continuous hypoplasia or aplasia for 4 to 8 weeks before 
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entering the HAM protocol. Therefore, they carry a high risk 
of acquiring severe infections, the major cause of death in 11 
of the 13 cases. Ten of the 13 early deaths were observed in 
patients of the two mentioned subgroups. In this context, the 
low rate of 12% HAM-resistant leukemias must be empha- 
sized as well; the rate compares favorably with those of other 
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HD-Ara-C or mitoxantrone combinations. Hence, 
despite selection of heavily pretreated patients with 
advancec disease and poor prognosis, HAM produced an 
encouraging high overall response rate, which strongly sug- 
gests Incorporating the two-drug combination at earlier 
stages of AML treatment. 
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Characterization of Glucocorticoid Receptors and Glucocorticoid Receptor 
mRNA in Human Leukemia Cells: Stabilization of the Receptor 
by Diisopropylfluorophosphate 


By Clark W. Distelhorst and Rogar Miesfeld 


We have shown that cytosol samples from human leukemia 
celis frequently contain glucocorticoid receptor fragments 
that have a mol wt (M_) of ~52.000. In the present study we 
demonstrate that the M, ~ 52,000-receptor fragments are 
derived from intact glucocorticoid receptors (M, ~ 97,000) 
by the action of a serine protease. M, ~ 52,000-receptor 
fragments were present in cytosol from 24 of 52 leukemia 
cell samples. Only normal size glucocorticoid receptors 
were present in cytosol samples if diisopropylfiuorophos- 
phate (DFP), a potent inhibitor of serine proteases, was 
added to the hypotonic buffer used for cytosol preparation. 
Receptor proteolysis was not inhibited by hydrolyzed DFP, 
benzamidine, phenylmethylsulfonylfluoride, aprotinin, io- 
doacetamide, or mercuric chloride. The leukemia cell pro- 
tease digests the receptor at a different site than chymo- 
trypsin, which digests the intact receptor to produce a 


HE EFFECTS of glucocorticosteroids on cells are 
mediated through receptors that bind the steroid hor- 
mone molecule to form a steroid-receptor complex.’ The 
steroid-receptor complex then interacts with specific regions 
in the genome to regulate gene transcription? Glucocorti- 
coids kill leukemia and lymphoma cells and, therefore, are an 
important therapeutic modality for leukemias and lympho- 
mas, Although the exact mechanism of cell killing by gluco- 
corticoids is unknown, studies of glucocorticoid-sensitive and 
glucocorticoid-resistant_ mouse lymphoma cell lines have 
demonstrated that the cell killing process is mediated 
through glucocorticoid receptors and that a variety of recep- 
tor defects can result in glucocorticoid resistance.’ 

Because of the importance of glucocorticoids in the ther- 
apy of human leukemias and lymphomas, there is consider- 
able interest in the structural and functional properties of 
glucocorticoid receptors in human leukemia and lymphoma 
cells. Recent studies have found that glucocorticoid receptors 
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M, ~ 40,000 receptor fragment. Receptor messenger RNA 
(mRNA) in S49 mouse lymphoma cells and in human 
leukemia celis was analyzed by Northern hybridization with 
a cDNA for the normal glucocorticoid receptor. Mutant S49 
mouse lymphoma cells that have abnormally small gluco- 
corticoic receptors (M, ~ 48,000} make a 5.0-kilobase 
receptor transcript in addition to the normal size 6.5- 
kilobase receptor transcript. A normal size receptor tran- 
script o° 6.5 kilobases was present in all of the human 
leukemia cells whether or not M, ~ 52,000-receptor frag- 
ments were present. Therefore, abnormalities of glucocor- 
ticoid rezeptor MRNA, which may give rise to the synthesis 
of foreshortened receptors in certain mutant mouse lym- 
phoma cells, are apparently absent from human leukemia 
cells. 

© 1987 Ly Grune & Stratton, Inc. 


in many human leukemia cells are abnormal in terms of their 
physical properties anc their ability to bind to DNA cellulose 
or diethylaminoethyl({DEAE) cellulose? Glucocorticoid 
receptors in cytosol from human leukemia cells are subject to 
digestion by endogenous proteases.** Thus it has been sug- 
gested that previously described abnormalities of glucocorti- 
coid receptor function could be due to the presence of 
receptor fragments in leukemia cell cytosol and that gluco- 
corticoic receptors in most, if not all, human leukemia cells 
are normal in size prior to digestion by endogenous pro- 
teases.’ 

The mechanisms of glucocorticoid receptor degradation in 
cytosol from both normal cells and leukemia cells is currently 
being studied by several groups of investigators. Sherman et 
al’ demonstrated proteolytic degradation of the intact gluco- 
corticoic receptor in rat liver and kidney cytosol to the 
meroreceptor, which is the smallest receptor fragment 
(M, ~ 23,000 to 25,009) that retains the steroid binding site. 
The extent of receptor degradation appeared to correlate 
with the activity of “lysine-specific” endopeptidases.’ Both 
Sherman et al’ and Holbrook et al’ demonstrated the pres- 
ence of meroreceptors in cytosol from human leukemia cells. 
The specific protease(s) responsible for receptor degradation 
in human leukemia cell cytosol have not been identified. 
Howeve-, Sherman et al’ found high activities of peptidases 
of various specificities in human leukemia cell cytosols and 
showed -hat a lysine-specific endopeptidase isolated from rat 
kidney cytosol is capable ef converting the glucocorticoid 
receptor in chronic lymphocytic leukemia cells to a merore- 
ceptor. Holbrook et alë found that glucocorticoid receptors 
from acute nonlymphocytic leukemia cells could be stabi- 
lized by a factor from chrenic lymphocytic leukemia cells. 
Therefore receptor degradation to the meroreceptor form is 
influenced not only by the presence or absence of receptor 
degrading proteases but also by the level of factors in 
leukemia cell cytosol that inhibit receptor proteolysis." 

We recently found that cytosol from human leukemia cells 
frequen-ly contains a M, ~ 52,000-receptor fragment.'' The 
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M, ~ 52,000-receptor fragment was not unique to a particu- 
lar type of leukemia and was present in samples from 
previousiy untreated and previously treated patients.'' This 
receptor fragment is considerably larger than the merorecep- 
tor fragment described previously by others (see above) and 
corresponds closely in size to the nuclear transfer increased 
(nt') mutant-glucocorticoid receptor in mouse lymphoma 
cells.'?'® These mutants contain a receptor MRNA that is 
reduced in size and therefore results in synthesis of a 
foreshortened receptor molecule." 

The present study was undertaken to determine the mech- 
anism responsible for the M, ~ 52,000-receptor fragment in 
human leukemia cell cytosol. Our studies demonstrate for 
the first time that human leukemia cells contain a serine 
protease that digests the intact glucocorticoid receptor to a 
M, ~ 52.000-fragment. We find that glucocorticoid recep- 
tors in over 50 different leukemia cell samples are normal in 
size if ditsopropylfluorophosphate, a potent inhibitor of ser- 
ine proteases, is used to stabilize the receptor. Consistent 
with this observation, we find that the receptor mRNA in 
human leukemia cells has a normal size. 


METHODS 


Materials. All chemicals, including proteases, protease inhibi- 
tors, and anlabeled dexamethasone, were purchased from Sigma 
Chemical Co, St. Louis. Acrylamide, N.N,'methylenebisacrylam- 
ide, and Coomassie blue R-250 were from Bio-Rad Laboratories, 
Richmond: CA. The low mol wt standards kit for gel electrophoresis 
was purchased from Pharmacia Fine Chemicals, Piscataway, NJ. 
[6,7-7H]Dexamethasone-21-mesylate was from New England 
Nuclear, Boston. 

Buffers. Phosphate buffered saline (PBS) was prepared as 
described previously.'' The hypotonic buffer used in cytosol prepara- 
tion consisted of 25 mmoL/L Tris pH 8.2, 1 mmoL/L EDTA, 10% 
glycerol, aad 20 mmol/L Na,Mo0,. 

Cell Lires. The Victor human leukemia cell line (a B lympho- 
blast cell Ime) was given by Dr Robert Allen (American Red Cross, 
St. Louis). Mouse lymphoma cell lines and methods of cell culture 
were described previously.” 

Leukenwa cell isolation. Human leukemia cells were isolated 
from either peripheral blood or bond marrow by Ficoll-Hypaque 
separation as described previously." Only freshly isolated cells were 
used for experiments. 

Affinity dabeling. The method of labeling receptors in intact 
cells with [*H]dexamethasone mesylate was described in detail 
previously..' Briefly, cells were washed with PBS and resuspended in 
PBS in Eppendorf microcentrifuge tubes so that each tube contained 
10 to 20 million cells. The cell suspensions were incubated for four 
hours at 4°C with 200 nmol/L [*H]dexamethasone mesylate. 
Duplicate well suspensions contained either the radiolabeled steroid 
alone (labeied — in figures) or the radiolabeled steroid plus 100-fold 
excess unlabeled dexamethasone (labeled + in figures). At the end 
of the incubation period, the cells were pelleted and the cell pellets 
were frozen at —80 °C for 15 minutes and then thawed tn hypotonic 
buffer at 4°C for 15 minutes to prepare cytosol. The cytosol was 
then boiledYor two minutes in the sample buffer for gel electrophore- 
sis and subjected to sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis (SDS-PAGE) as detailed previously.'' Gels were 
analyzed by autoradiography.'' Molecular weight standards were 
phosphorylase b (97,400), bovine serum albumin (67,000), ovalbu- 
min (45,000), carbonic anhydrase (30,000), trypsin inhibitor 
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(20,100), and lactalbumin (14,400). References for the mol wt 
values were given previously." 

Protease inhibitors. To inhibit proteolysis of the affinity-labeled 
receptor during cytosol preparation, protease inhibitors were added 
to the hypotonic buffer immediately prior to use. Diisopropyifiuoro- 
phosphate (DFP) was added to the hypotonic buffer to give a final 
concentration of 5 mmoL/L. To exclude the possibility that the 
inhibitory effect of DFP was due to an impurity present in certain 
commercial preparations of DFP, samples of DFP were treated with 
cupric ion and imidazole to catalyze the hydrolysis of DFP.” In 
other experiments a stock solution of phenylmethylsulfonylfuoride 
(PMSF) was prepared in absolute ethanol and added to the hypo- 
tonic buffer to give a final concentration of 10 mmoL/L. Benzami- 
dine was added to the hypotonic buffer to give a final concentration 
of 5 mmoL/L. Aprotinin (2 mg/mL; 14.5 trypsin inhibitory U/mg) 
was added to the hypotonic buffer at a final dilution of 1:1000. A 100 
mmoL/L stock solution of iodoacetamide was added to the hypo- 
tonic buffer to give a final concentration of | mmoL/L. A stock 
solution of 0.01 moL/L HgCl, was added to the hypotonic buffer to 
give a final concentration of 0.01 mM. The hypotonic buffer was 
prepared without EDTA when HgCl, was used. 

Limited protease digestion. A concentrated solution of chymo- 
trypsin in deionized water was prepared fresh for each experiment. 
An aliquot of the chymotrypsin solution was added to affinity- 
labeled cytosol and incubated at 25 °C for 15 minutes. The cytosol 
was transferred to the gel electrophoresis sample buffer and bailed to 
stop the reaction. 

RNA isolation and analysis. Total cellular RNA was isolated 
from leukemia cells by sedimentation through cesium chloride.” The 
RNA was analyzed by Northern blot hybridization using a cDNA 


for the rat liver glucocorticoid receptor as described previously.” 


RESULTS 


Affinity labeling human leukemia cell receptors. Hu- 
man leukemia cells were isolated from peripheral blood or 
bone marrow and then incubated with [’H]dexamethasone 
mesylate to affinity label the glucocorticoid receptors. 
Cytosol was then prepared and subjected to SDS-PAGE to 
determine the mol wt of the affinity-labeled receptors. Multi- 
ple proteins in cells bind ["H]dexamethasone mesylate and 
therefore appear as bands on autoradiograms of gels. To 
distinguish the specific binding proteins, or receptors, from 
the nonspecific binding proteins, duplicate cell suspensions 
were incubated with [’H]dexamethasone mesylate in the 
presence or absence of 100-fold excess unlabled dexametha- 
sone. The unlabeled dexamethasone competes with the 
(7H]dexamethasone mesylate for binding to receptors but 
does not compete for binding to nonsaturable binding sites on 
other proteins. Therefore, on autoradiograms, band(s) that 
correspond to affinity-labeled receptor(s) can be distin- 
guished from nonreceptor bands because the receptor bands 
are seen only in the absence of competing steroid (lane —) 
and are not seen in the presence of competing unlabeled 
steroid (lane +). Small differences in the amount of cytosol 
applied to the — lane and + lane on gels could give rise to 
apparent differences in the intensity of corresponding bands 
on the two lanes. Therefore, only those bands that differ 
markedly in intensity between — and + lanes are considered 
to be receptor bands. For clarity, receptor bands on autora- 
diograms are designated by an arrowhead. 

We determined the mol wt of glucocorticoid receptors in 
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cytosol from 52 different human leukemia samples. Cytosol 
from all of the samples contained intact receptors that 
migrated opposite the phospohorylase b marker and there- 
fore have been assigned a M, of 97,000 (Fig 1). A major 
receptor fragment that consistently migrated to just above 
the ovalbumin standard (M, ~ 45,000) was detected in 
cytosol from 24 of the 52 leukemia samples, as illustrated in 
Fig 1. We previously assigned this receptor fragment a M, of 
55,000.'' We have now reanalyzed the previously reported 
results along with additional experiments reported here and 
find the M, of this receptor fragment to be 52,000 + 500 
(mean + SE, N = 24). Although the M, 52,000-receptor 
fragment was the major receptor fragment detected in our 
studies, we cannot exclude the possibility that other minor 
receptor fragments may be present in the cytosol of leukemia 
cells. For example, a M, ~ 30,000-receptor fragment 
appeared to be present in the cytosol of three leukemia 
samples, one of which is shown in Fig 2. 

M, ~ 52,000-receptor fragments were detected with 
approximately equal frequency in the different types of 
leukemia studied (Table 1). These receptor fragments were 
detected in the cytosol of leukemia cells from previously 
untreated patients (8/23, 35%) and previously treated 
patients (16/29, 55%). 

Effect of protease inhibitors. To determine if the M, ~ 
52,000-receptor is present within intact cells or if it is 
produced by proteolytic digestion of M, ~ 97,000-receptor 
during cytosol preparation, 5 mmoL/L diisopropylfluoro- 
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Fig 1. Effect of DFP on glucocorticoid receptors. Human 
leukemia cells (acute lymphocytic leukemia) were incubated with 
[ H]dexamethasone mesylate in the absence (—) or presence (+) 
of excess unlabeled dexamethasone to affinity label the glucocor- 
ticoid receptors. Cytosol was prepared using hypotonic buffer that 
either did not contain DFP (A) or did contain DFP (B). The cytosol 
was subjected to SDS-PAGE, and the gels were analyzed by 
autoradiography, as shown here. Arrowheads point to bands that 
represent affinity-labeled receptors. 
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Fig 2. Effect of chymotrypsin on glucocorticoid receptors. 
Same as Fig 3 except that leukemia cells from a different patient 
(chronic lymphocytic leukemia) were studied. (A) No chymotryp- 
sin. (B) 5 pg/mL chymotrypsin. (C) 10 ug/mL chymotrypsin. 
Arrowheads point to bands that represent affinity-labeled recep- 
tor fragments. An additional receptor fragment appears to be 
located above the 30k marker protein. 


phosphate (DFP) was ncluded in the hypotonic buffer used 
for cytosol preparation. In cytosol samples that contained 
only M, ~ 97,000-receptors, the intensity of the receptor 
band on autoradiograms was not affected by inclusion of 
DFP in :he hypotonic buffer (not shown). In samples that 
contained both M, ~ 97,000- and M, ~ 52,000-receptors, the 
inclusion of DFP in the hypotonic buffer eliminated the M, ~ 
52,000-receptor band and increased proportionately the 
intensity of the M, ~ 97,000-receptor band (Fig 1). This 
finding indicates that the M, ~ 52,000-receptor band repre- 
sents a receptor fragment produced from the M, ~ 97,000- 
receptor by proteolytic digestion during cytosol preparation. 
The ability of DFP to eliminate the M, ~ 52,000-receptor 
band was confirmed in ten separate experiments using 
leukemia cells from a different patient in each experiment. In 
no experiment did DFP fail to prevent formation of the M, ~ 
52,000-receptor. 

To determine the type of protease responsible for generat- 


Table 1. Glucocorticaid Receptors in Human Leukemia Cells 


Type of Leukemia Receptor M, 
97,000 97,000 + 52,000 Total 
Acute lymphoblastic 9 8 17 
Acute nonlymphoblastic 9 8 17 
Chronic tymphocytic 8 7 15 
Chronic myelogenous, 
blast crisis 2 1 3 


Values represent the number of leukemia cell samples that contained 
either M, ~ 97,000 receptors or both M, ~ 97,000 and M, ~ 52,000 
receptors 
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ing M, ~52,000-receptor fragments in leukemia cytosol, a 
variety of protease inhibitors with different protease specifi- 
cities were included in the hypotonic buffer used for cytosol 
preparation. Inhibitors that have major specificity for serine 
proteases (PMSF, aprotinin, and benzamidine) and inhibi- 
tors that have major specificity for cysteine proteases (HgCl, 
and iodoacetamide) did not inhibit receptor digestion (not 
shown). Certain preparations of DFP are contaminated with 
a factor that inhibits cysteine proteases.” The serine 
protease inhibitory activity of DFP is eliminated by hydroly- 
sis, but the cysteine protease inhibitory activity is stable upon 
hydrolysis." DFP that was hydrolyzed to eliminate its 
serine protease inhibitory activity did not block the genera- 
tion of M, ~ 52,000-receptors (not shown). In addition, in 
studies that are not shown, DFP did not inhibit receptor 
digestion by the cysteine protease papain. Therefore, the 
protease responsible for digestion of the intact leukemia cell 
receptor toa M, ~ 52,000-fragment appears to belong to the 
serine class of proteases. 

Limited protease digestion. Limited digestion of normal 
size glucocorticoid receptors with chymotrypsin is known to 
separate the immunoactive domain from the steroid-binding 
and DNA-binding domains of the receptor molecule.**” To 
determine if the endogenous protease in human leukemia 
cells digests the glucocorticoid receptor at the same site as 
chymotrypsin, [*H]dexamethasone mesylate-labeled cytosol 
from human leukemia cells was incubated with a range of 
concentrations of chymotrypsin prior to gel electrophoresis. 
In cytosol that contained only M, ~ 97,000-receptors, chy- 
motryptic digestion produced a M, ~ 40,000-receptor frag- 
ment (Fig 3). In cytosol that contained both M, ~ 97,000- 
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Fig 3. Effect of chymotrypsin on glucocorticoid receptors. 
Receptors in human leukemia cells (chronic lymphocytic leukemia) 
were affinity labeled as described in Fig 1. The cytosol was 
incubated at 25°C for 15 minutes with chymotrypsin prior to 
SDS-PAGE. (A) No chymotrypsin. (B) 5 ug/mL chymotryp- 
sin. (C) 10 ug/mL chymotrypsin. Arrowheads point to bands that 
represent affinity-labeled receptors or receptor fragments. 
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and M, ~ 52,000-receptors, chymotrpytic digestion elimi- 
nated both the M, ~ 97,000- and the M, ~ 52,000-receptors 
and produced a M, ~ 40,000-receptor fragment (Fig 2). 
These results indicate that the endogenous leukemia cell 
protease digests the glucocorticoid receptor at a different site 
than does chymotrypsin and that the M, ~ 52,000 receptor 
fragment in leukemia cytosol contains the chymotrypsin 
sensitive site that is present in the intact M, ~ 97,000 
receptor. 

Mixing studies. To further substantiate that proteolysis 
was responsible for producing the M, ~ 52,000 receptor 
fragment, cells of the Victor human leukemia cell line were 
incubated with [*H]dexamethasone mesylate and then 
mixed with unlabeled fresh human leukemia cells immedi- 
ately prior to cytosol preparation. The human leukemia cells 
were preincubated with 20 umoL/L unlabeled dexametha- 
sone to prevent their receptors from binding the {*H]dexa- 
methasone mesylate. A typical experiment is shown in Fig 4. 
This experiment employed the same human leukemia cell 
sample that was employed in the experiment shown in Fig 2. 
In the absence of added human leukemia cells, cytosol from 
the Victor cells contained only M, ~97,000-receptors. The 
addition of the unlabeled human leukemia cells to the 
affinity-labeled Victor cells prior to cytosol preparation 
generated M, ~ 52,000-receptor fragments from the intact 
affinity-labeled receptors. 

The leukemia cell samples employed in this study con- 
tained variable numbers of red blood cells and platelets. To 
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Fig 4. Mixing studies. Glucocorticoid receptors in Victor cells 
were affinity-labeled as described in Fig 1. Leukemia cells (chronic 
lymphocytic leukemia) from the same sample used in Fig 2 were 
incubated for four hours with 20 umoL/L unlabeled dexametha- 
sone. The unlabeled cells were then mixed with the affinity- 
labeled Victor cells in a ratio of 3:1 immediately prior to cytosol 
preparation. Cytosol was then analyzed by SDS-PAGE as 
described in Fig 1. (A) Victor cells with no addition. (B) Victor 
cells plus unlabeled leukemia cells. Arrowheads point to bands 
that represent affinity-labeled receptors or receptor fragments. 
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determine if red blood cells or platelets, rather than leukemia 
cells, could be the source of the protease that digests recep- 
tors to the M, ~ 52,.000-fragment, experiments were per- 
formed in which human red blood cells or human platelets 
were added to affinity-labeled leukemia cells prior to cytosol 
preparation. The admixture of these cells did not produce 
receptor degradation (data not shown). 

Receptor mRNA. Receptor MRNA from human cell 
samples was compared to receptor mRNA from mouse 
lymphoma cell lines. Glucocorticoid receptor mRNA in six 
different human leukemia cell samples was analyzed by 
Northern blot hybridization using a receptor cDNA for the 
rat liver glucocorticoid receptor, and results from four of 
these samples are shown in Fig 5. A normal 6.5-kilobase (kb) 
receptor mRNA was observed in human cells that contain 
both normal size receptors and the M, ~ 52,000-fragments. 
The patient samples containing M, ~ 52,000-receptor frag- 
ments (lanes 5, 6, 7) have receptor mRNA that looks 
identical to the mRNA from the patient sample containing 
only intact receptors (lane 2). The faintness of the 6.5 kb 
bands in lanes 5 and 7 may reflect lower levels of receptor 
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Fig 5. Northern blot analysis of leukemia cell receptor RNA. 
Total cellular RNA from five human samples (lanes 1, 2, 5-7) and 
two murine samples (lanes 3, 4) were blotted with a probe from 
the 5' region of the rat glucocorticoid receptor cDNA" (Miesfeld et 
al, unpublished data). Lane 1 (HeLa cells), lane 2 (human leukemia 
cells), and lane 4 (mouse lymphoma cells S49.A2:wt) show the 
6.5-kb receptor RNA present in cells containing only M, ~ 97,000 
receptors. Lanes 5, 6, 7 (human leukemia) and lane 3 (mouse 
lymphoma S49.143r;nt') contain RNA from cells that also possess 
a smaller receptor protein of M, ~ 48,000 to 52,000. The nt- 
specific receptor RNA is shown as a 5.0-kb transcript (lane 3). The 
nature of the smear around 4 kb is unclear, but it appears to be due 
to partially degraded RNA. 
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mRNA :n these leukemia samples or degradation of the 
RNA during preparation. The wild type S49 mouse lym- 
phoma cells, which have normal size (M, ~ 97,000) glucocor- 
ticoid receptors, have a 6.5 kb receptor mRNA (lane 4), The 
nt' mutant mouse lymphoma cells (S49.143r), which have 
smaller taan normal glucocorticoid receptors (M, ~ 48,000), 
have a 3.0 kb receptor mRNA. We conclude that the 
receptor nNRNA in human leukemia cells is the expected size 
regardless of the mol wt of receptors in cytosol preparations, 
unlike the highly characterized 5.0 kb receptor mRNA 
present in nt’ mutant mouse lymphoma cells.'” 


DISCUSSION 


We demonstrate that cytosol from human leukemia cells 
frequent y contains steroid binding receptor fragments that 
have a M, of ~52,000 in addition to intact receptors that have 
a M, of ~97,000. Several samples also appeared to contain 
M, ~ 30,000-receptor fragments. The present study provides 
two types of evidence that prove that the M, ~ 52,000- 
receptor fragment arises from the intact normal size receptor 
by proteolytic digestion during cytosol preparation. First, 
formation of the M, ~ 52,000-receptor fragment was blocked 
by inclusion of the potent protease inhibitor DFP in the 
hypotonic buffer used for cytosol preparation. Second, 
admixture of fresh unlabeled human leukemia cells to an 
affinity-labeled human leukemia cell line prior to cytosol 
preparation resulted in digestion of the intact affinity- 
labeled receptors to M, ~ 52,000-receptor fragments. We 
previous y reported similar mixing studies to be negative.'' 
This led us to the incorrect conclusion that proteolysis was 
not responsible for the formation of M, ~52,000-receptor 
fragments in the cytosol of human leukemia cells. The 
previous mixing studies involved the mixture of cytosol 
samples that had been stored at —80°C rather than the 
mixture of fresh intact cells as in the present study. There- 
fore the failure of the earlier mixing studies to demonstrate 
receptor proteolysis suggests that the leukemia cell protease 
responsible for receptor digestion may not be stable upon 
storage £t low temperatures. 

Limited digestion of the normal glucocorticoid receptor by 
chymotrypsin is known to separate the immunoactive domain 
of the receptor from the steroid-binding and DNA-binding 
domains.**** The leukemia cell protease described here must 
digest the intact M, ~ 97,000 glucocorticoid receptor at a 
different site than does chymotrypsin, since chymotryptic 
digestion of the intact receptor produced a M, ~40,000- 
receptor fragment (Fig 3). The M, ~ 52,000-receptor frag- 
ment in human leukemia cell cytosol could be digested to a 
M, ~ 40,000-receptor fragment by chymotrypsin, indicating 
that the M, ~ 52,000-receptor fragment retains the chymo- 
trypsin sensitive site that is present in normal receptors (Fig 
2). 

The M, ~ 52,000-receptor fragment was detected in 
leukemia cell samples obtained from 24 of 52 different 
patients. The presence of the M, ~ 52,000-receptor fragment 
was consistent when leukemia cell samples were obtained 
again from the same patient at time intervals of up to | year. 
We previously demonstrated that receptor digestion does not 
occur im some leukemia cell cytosol samples even when 
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proteolysis is encouraged by prolonged incubation or incuba- 
tion at 25 °C to 37 °C.'! The reason receptor digestion occurs 
in some but not all human leukemia cell samples is unknown. 
It is possible that the protease responsible for receptor 
degradation may not be present in all leukemia cells or that 
some leukemia cells may contain a naturally occurring 
protease inhibitor that protects the receptor from proteolysis. 
Alternatwely, the protease activity may be similar in all 
leukemia cells but some leukemia cells may contain gluco- 
corticoid receptors that are abnormally sensitive to digestion 
by the protease. We are attempting to distinguish between 
these possibilities at the present time. Receptor digestion 
does not occur in normal human peripheral blood mononu- 
clear cell samples under the assay conditions employed 
here. However, we have observed receptor digestion to a 
M, ~ 52,000-fragment when norma! human peripheral blood 
mononuclear cell cytosol is incubated for two hours at 25 °C 
(data not shown). Receptor digestion under these conditions 
is inhibited by DFP. Therefore, the protease responsible for 
receptor digestion may not be unique to leukemia cells but 
appears to be present, although probably at a lesser activity, 
in norma! peripheral blood mononuclear cells. 

The M, ~ 52.000-receptor fragment described here is 
similar in size to the defective receptors present in cytosol 
from nt mutant mouse lymphoma cell lines.'*'°' This 
observation raised the possibility that the receptor abnormal- 
ity in human leukemia cells and in the nt’ mutant mouse 
lymphoma cells may involve a common mechanism." In this 
regard there is some evidence that glucocorticoid receptors in 
intact nt mutant cells are normal in size and undergo 
degradation during cytosol preparation.** However, the 
receptor abnormalities in human leukemia cells and in nt 
mutant mouse lymphoma cells differ in several respects. 
First, a variety of different protease inhibitors, including 
DFP, do not inhibit the formation of defective receptors in 
cytosol from nt' mutant mouse lymphoma cells (Distelhorst 
et al, unpublished data). Second, the M, ~ 52,000-receptor in 
human leukemia cells contains a chymotryspin-sensitive site, 
whereas the defective receptors in nt! mutant mouse lym- 
phoma cells are relatively resistant to digestion by chymo- 
trypsin!” (Distelhorst et al, unpublished observations). Third, 
the receptor mRNA in nt' mutant mouse lymphoma cells is 
decreased in size compared to the size of receptor mRNA in 
wild type cells.'” In the present study we show that the size of 
receptor MRNA in human leukemia cells appears to be 
normal whether or not the M, ~$2,000-receptor fragment is 
observed. Therefore abnormalities of glucocorticoid receptor 
mRNA, which may give rise to the synthesis of foreshortened 
receptors in certain mutant mouse lymphoma cells, are 
apparently absent from human leukemia cells. 

Stevens et al?’ showed that glucocorticoid receptors in 
chronic lymphocytic leukemia cells are often degraded to a 
form having a Stokes radius of 3.5 nm. According to the work 
of Sherman et al,’ a receptor fragment of this size would be 
expected to have a M, ~ 40,000 to 60,000. Therefore it is 
possible that the M, ~ 52,000-receptor fragment described 
by us is the same as the lower mol wt form of the receptor 
described previously by Stevens et al.” Sherman et al’ and 
Holbrook et al found that cytosol from human leukemia 
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cells frequently contained meroreceptors in addition to nor- 
mal size receptors. The meroreceptor, described by Sherman 
et al’ in rat liver and kidney cytosol, represents a degraded 
receptor that has a M, ~ 20,000 to 25,000. Although similar 
size receptor fragments (M, ~ 30,000) were detected in 
several leukemia samples studied here, the major receptor 
fragment observed in the present study was significantly 
larger (M, ~ 52,000). There are two potential explanations 
for the difference in size between receptor fragments 
detected in the present study and earlier studies. First, we 
analyzed receptors under reducing and denaturing condi- 
tions by gel electrophoresis, whereas the size of receptors in 
earlier studies was measured under nondenaturing condi- 
tions by gel filtration. Mendel et al” demonstrated that gel 
electrophoresis under denaturing conditions is a more sensi- 
tive technique for detecting intermediate size receptor frag- 
ments (M, ~ $0,000) than is gel filtration under nondenatur- 
ing conditions. Second, in the present study, cytosol samples 
were incubated for only a brief period of time (~30 minutes) 
prior to gel electrophoresis, whereas the assay methods 
employed in earlier studies required cytosol incubations for 
longer periods of time, thus permitting more extensive recep- 
tor degradation. 

Although we tested a variety of protease inhibitors with 
different specificities for serine and cysteine proteases, only 
DFP inhibited receptor digestion to the M, ~ 52,000- 
fragment. Although the major effect of DFP is to inhibit 
serine proteases, commercial preparations of DFP often 
contain an impurity that inhibits cysteine proteases.” The 
serine protease inhibitory activity of DFP is sensitive to 
hydrolysis, whereas the cysteine protease inhibitory activity 
is resistant to hydrolysis.” ™ Since hydrolyzed DFP did not 
inhibit generation of the M, ~52,000-receptor fragment, it 
appears that the protease responsible for receptor digestion 
belongs to the serine class of proteases. The leukemia cell 
protease that generates the M, ~ 52,000-receptor fragment 
may be different from the protease responsible for merore- 
ceptor formation in leukemia cytosol, since the latter has 
been reported to be a “lysine specific” protease.” 

Mendel et al showed that intact glucocorticoid receptors 
in rat thymus cytosol are converted to a M, ~ 52,000- 
receptor fragment when the cytosol is incubated at 3 °C for 
two hours. Proteolysis of the rat thymus glucocorticoid 
receptor is prevented by calpastatin, an inhibitor of calcium 
activated cysteine proteases.” Therefore it appears that 
receptor proteolysis in rat thymus cells is due to the activity 
of a calcium-activated cysteine protease. ™” It seems 
unlikely that the same protease ts responsible for digestion of 
the human leukemia receptor to a M, ~ 5$2,000-receptor 
fragment for the following reasons. First, idoacetamide, an 
inhibitor of calcium-activated cysteine proteases in mamma- 
lian cells,°° did not inhibit human leukemia cell-receptor 
digestion. Second, the hypotonic buffer used for cytosol 
preparation in the present study contained EDTA, which 
would be expected to inactivate calcium-activated proteases. 
Third, under the assay conditions employed in the present 
study, intact receptors in rat thymus cells are stable, even 
when cytosol is incubated for two hours at 4 °C (Distelhorst 
et al, unpublished observations). 
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Protease inhibitors are known to affect glucocorticoid 
receptor binding, inactivation, degradation, and transforma- 
tion in vitro.” However, the effect of protease inhibitors on 
glucocorticoid receptor function in vivo is unknown. We are 
currently isolating and characterizing the serine protease 
from human leukemia cells that produces the M, ~ 52,000- 
receptor fragment. Also, we are trying to determine if this 
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protease affects the function or turnover of glucocorticoid 
receptors in vivo. 
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In Vitro and In Vivo Effects of Deferoxamine in Neonatal Acute Leukemia 


By Zeev Estrov, Akio Tawa, Xin-Hua Wang, lan D. Dube, Hassan Sulh, Amos Cohen, 
Erwin W. Gelfand, and Melvin H. Freedman 


A six week old infant with acute leukemia failed to attain 
remission with chemotherapy. Because we previously 
demonstrated that the iron chelator deferoxamine (DFO) 
has antiproliferative properties and modulatory effects on 
cell differentiation, a protocol was designed for in vitro 
study and for clinical use in the patient. At diagnosis, blast 
cells were morphologically undifferentiated, had nondiag- 
nostic cytochemistry, showed an abnormal karyotype 
(t[4;11]}. expressed markers of B cell lineage, and demon- 
strated Cu gene rearrangement. Tissue culture of marrow 
or blood cells yielded colonies of leukemic blasts. Increas- 
ing concentraticns of DFO produced a dose-dependent 
suppression of patient's blast colony growth in vitro, and 
blasts within colonies showed a marked change in surface 
antigen expression from lymphoid to myelomonocytic 


EFEROXAMINE (DFO) is widely used therapeuti- 
cally as a chelator of ferric iron in disorders of iron 
overload.’ As we previously demonstrated, this drug is a 
potent inhibitor of DNA synthesis by human B and T 
lymphocytes in vitro.” Micromolar concentrations of DFO 
decreased intracellular levels of deoxyribonucleoside triphos- 
phates and prevented cells from going beyond early S-phase 
of the cell proliferation cycle.” We also found that DFO could 
irreversibly inhibit proliferation and colony formation in the 
leukemia cell line HL-60 and could induce differentiation 
and DNA damage in these cells.” 

Based on these properties we administered DFO for the 
treatment of acute leukemia in a 6-week-old patient with the 
disease. Studies performed on the patient's periphera! blood 
(PB) anc bone marrow (BM) confirmed the antiproliferative 
properties of DFO in vitro and in vivo, as well as modulatory 
effects on leukemic cell differentiation. 


CASE REPORT 


A 6-week-old female infant was assessed for a paroxysmal harsh 
cough and was found to have a marked leukocytosis. She was the 
product of a normal full-term pregnancy, and the neonatal course 
was unremarkable. On physical examination she appeared well. The 
chest was clear te auscultation. Spleen tip and liver edge were 
palpable. There was no lymphadenopathy. 

Her bicod counts were as follows: hemoglobin 13.3 g/dL, white 
blood cells 94,500/4L with blasts comprising 52,400/yL, platelets 
295,000/nL. Values for urea, creatinine, electrolytes, and uric acid 
levels were normal Serum proteins, bilirubin, alkaline phosphatase 
and glutamic oxaoacetic transaminase levels were also normal. 
Cerebrospinal fluic was acellular with normal chemistry. 

A bone marrow aspirate confirmed leukemic cell replacement. 
Blast cells were morphologically undifferentiated. Cytochemistry 
testing was negative for periodic-acid Schiff (PAS), Sudan-black, 
nonspecific esterase, and acid phosphatase. Immunologic marker 
studies on the diagnostic marrow cells were suggestive of B cell 
origin: la, 80%: B-4, 68%, BA-I, 14%, BA-2, 50%; B-1, negative; 
common acute lymphoblastic leukemia antigen (CALLA), negative; 
cytoplasmic IgM éclgM), negative; surface immunoglobulin (sig), 
negative. Myelomonocytic markers (MO-1, My906, My-4) T cell 
markers (Leu-1), and E rosette formation were all negative. Further 
evidence that the blast cells were derived from B cell precursors was 
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markers, became monocytic in appearance, and developed 
intense staining for nonspecific esterase. When DFO was 
given intravenously to the patient as a single agent for 4&8 
hours, blasts no longer expressed tymphoid antigens and 
became strongly positive for myelomonocytic markers, 
identical to the in vitro findings. intravenous DFO haited 
rising peripheral blood blast cell numbers and allowed a 
several-fold increase in normal hematopoietic progenitor 
colony growth. When combined with low-dose cytosine 
arabinoside in the treatment protocol, DFO caused striking 
leukemic cytoreduction. Our findings indicate that DFO has 
antileukemic properties by virtue of its effects on prolifera- 
tion and differentiation, and they prompt further experi- 
mental and clinical studies with this agent. 
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based on studies of immunoglebulin gene rearrangement. Following 
restriction enzyme digestion, a Cu probe recognized a rearrange- 
ment of one u chain allele. Cytogenetic analysis of 26 metaphases 
from unstimulated marrow culture for 24 hours revealed a normaj 
female karyotype (46XX in four cells) and a clone bearing a 
translocation involving the long arms of chromosomes 4 and H1 (in 
22 cells). The breakpoint in chromosome 4 was in the region a2! and 
in chromosome [1 in the region q23. 

A diagnosis of acute lymphoblastic leukemia (ALL) was made 
and a four-week chemotherapy treatment protocol was started: 
vincristine IV weekly x 4 (0.75 mg/m*/dose); prednisone 2 mg/ 
kg/day PO; daunomycin IV weekly x 3 (12.5 mg/m*/dose)}; L- 
asparaginase intramuscularly (IM) 3 x weekly for nine doses (6,000 
U/m?/dose): and cytosine-arabinoside (ARA-C) intrathecally x | 
dose, 7.5 mg total. At the conclusion of therapy peripheral blasts 
were still present, and a repeat marrow aspirate confirmed failure to 
attain remission. PB and BM blasts expressed identical immunologic 
markers to those demonstrated on cells from the original marrow. 

With informed consent and following approval by the Human 
Experimentation Committee of our institution, an experimental 
protocol was initiated: DFO was diluted in norma! saline and given 
by continuous infusion 10 mg/kg/h; ARA-C was given by IV push, 5 
mg/kg/dose. When used together, DFO was stopped eight to 12 
hours prior to ARA-C (Table 1). 
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Table 1. The 20-Day Experimental Protocol Schedule* 





neve 


ARA-C WBC Blasts 


Deferoxamine Hours of 
Total Dose Infusion Total Dose x 10°/L x 10°/L 
SST Ne eee eo eC ener len Meret ORE rane RS Se AO 
Day — 2 __ -l — 16.5 3.5 
Day — 1 woe — — 25.4 4.6 
Day O — — _ 60.9 18.2 
Day 1 720 24 — 62.5 42.2 
Day 2 720 24 — 
Day 3 360 12 15 63.9 40.9 
Day 4 360 12 15 
Day 5 360 12 15 
Day 6 360 12 15 47.3 40.6 
Day 7 ne “ee 15 
Day 8 — — 15 10.9 3.1 
Day 9 oe oo 15 
Day 10 —- — 15 6.3 1.5 
Day 11 -l — 15 
Day 12 = = 15 
Day 13 — — 15 
Day 14 360 12 15 
Day 15 — — 15 4.4 0.2 
Day 16 360 12 — 6.5 1.4 
Day 17 1080 24 — 4.6 0.2 
Day 18 720 24 — 
Day 19 720 24 — 
Day 20 720 24 — 4.5 0.1 





*Deferoxamine (DFO) was given by continuous IV infusion in normal 
saline, 10 mg/kg/h; Cytosine-arabinoside (ARA-C) was given by IV push, 
5 mg/kg/dose. 


MATERIALS AND METHODS 


Deferoxamine. Deferoxamine (CIBA-GEIGY, Mississauga, 
Canada) was dissolved in iron-free RPMI culture medium (Ontario 
Cancer Institute, Toronto) and added to cell cultures in final 
concentrations of 0.75 to 2.15 zmol/L. 

Preparation of cells. Heparinized BM or PB cells were layered 
over Ficoll-Paque (Pharmacia Fine Chemicals, Piscataway, NJ) and 
centrifuged (200 x g, 4 °C) for 20 minutes to eliminate neutrophils 
and red cells. 

CFU-GEMM assay. The CFU-GEMM assay was performed 
according to Fauser and Messners with slight modifications. Brief- 
ly, 2 x 10° nucleated PB cells were cultured in methylcellulose with 
iron-free RPMI (Ontario Cancer Institute, Toronto), 30% AB 
serum, 5% leukocyte-conditioned medium prepared with phytohe- 
magglutinin (PHA-LCM),’ human erythropoietin 1.0 U/mL (Brit- 
ish Columbia Cancer Research Institute, Vancouver, BC), and 5 x 
10° mol/L 2-mercaptoethanol. One milliliter of the culture mixture 
was placed in 35-mm Petri dishes (Becton Dickinson, Oxnard, CA) 
and was incubated at 37°C with 5% CO, in air in a humidified 
atmosphere. All cultures were evaluated after 14 days for the 
number of BFU-E colonies, defined as an aggregate of more than 
500 hemoglobinized cells or three or more erythroid subcolonies, 
CFU-C colonies of at least 40 granulocytic or macrophage cells or 
both, and mixed colonies containing all elements. Individual colonies 
were plucked from the cultures with a micropipette and analyzed for 
cellular composition and immunologic markers. 

ALL blast colony assay. The assay used was a modification of 
previously described methods.*° T cells were depleted from BM or 
PB by standard rosetting techniques using sensitized sheep erythro- 
cytes.” Feeder cells for the culture were prepared from PB of normal 
donors by depleting the adherent fraction?’ and exposing it to 7,000 
rads to prevent cell proliferation. 

Phytohemagglutinin-conditioned medium (PHA-TCM) was pre- 
pared from the T cell PB fraction obtained from a patient with 
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hemochrcmatosis undergoing therapeutic phlebotomies as previ- 
ously described. 

Cell culture procedure. 2 x 10° T depleted PB cells were 
suspendec in RPMI, 10% FCS, 10% PHA-TCM, irradiated feeder 
cells (10°,mL), and methylcellulose at a final concentration of 0.9% 
in 35-mm Petri dishes. The culture dishes were placed into a 
specialized modular incubator chamber (Billups-Rosenberg, Del 
Mar, CA) in a humidified atmosphere of 5% O,, 5% CO,, and 
balanced nitrogen. After six days of incubation, colonies were 
counted. A cluster of more than 20 cells was defined as a colony. 
Individua colonies were plucked from the culture plates and 
smeared cn glass slides for further evaluation, using Wright's stain 
and nonspecific esterase staining.” Fer control, 2 x 10° irradiated 
feeder cel s were cultured in the same assay system in each experi- 
ment to exclude their potential for coleny formation. 


Surface Markers 


Immunodcytochemical method. The cell surface antigens of air- 
dried smears were detected using monoclonal antibodies (MoAbs) 
and intestinal alkaline phosphatase, as previously described.'*"'> This 
assay was performed to detect surface antigens on patients’ PB and 
BM smears and colonies plucked from cultures. For colony charac- 
terization, each MoAb was tested on five to ten individual colonies 
that had teen plucked at random from a culture plate and smeared 
on a glass slide. The slides were counterstained in hematoxylin for 
light microscopy, and the presence of surface antigen was indicated 
as bright red granular cellular inclusions. Morphological details 
were well preserved, and a high degree of correlation between 
morphology and surface antigen expression was observed. The 
intensity of staining was defined as strong (+ + +), moderate (+ +), 
and weak | +). 

immunofluorescence method. The cell surface phenotype was 
determined by indirect cell-surface fluorescence; a fluorescein- 
conjugated goat antimouse IgG( Fab), was used as second antibody. 
For each MoAb tested, | x 10° cells were stained and 200 cells 
examined. The labeling was performed on ice in the presence of 
0.05% sodium azide. The precentage of cells with surface fluores- 
cence was determined by counting cells using an inverted phase- 
fluorescen: microscope. 

Monoclonal antibodies. The following MoAbs were used in 
these stud es: anti-OKla (Ortho Diagrostic Systems, Raritan, NJ) 
to detect HLA-D framework antigen: anti-MY-7, anti-Mol and 
anti-MY-c (Coulter Immunology, Hialeah, FL) to identify myelo- 
monocytic markers; anti-BAI, anti-BA2, anti-B! and anti-B4 (Bec- 
ton Dickinson, Oxnard, CA) to recognize cells of the B cell lineage; 
anti-J5 (Coulter Immunology) to recognize cells bearing common 
ALL (CALLA) antigen; and anti-Leu-t and anti-Leu-4 (Coulter 
Immunolozy) to recognize cells of the T cell lineage. 


RESULTS 
In Vitro 


Blast colony assay. Prior to therapy with DFO, patient’s 
PB blast cells were cultured using the ALL blast colony 
assay; they yielded a mean of 700 colonies/2 x 10° cells 
plated. Individual colonies were plucked from the culture 
plates and were examined for cellular composition. Morpho- 
logically they were undifferentiated blast cells identical to 
the appearance of marrow cells at diagnosis. The cells were 
negative for nonspecific esterase by cytochemistry. Surface 
antigen s-udies of PB cells confirmed lymphoblastic markers 
and absent myelomonocytic markers (Table 2). 

Antiproliferative effect of DFO. As shown in Fig 1, 
when increasing concentrations of DFO were added to 


DEFEROXMINE IN NEONATAL ACUTE LEUKEMIA 


Table 2. Surface Marker Analysis of Leukemia Cell Colonies 





(% Positive Cells) 
Control 2.5 umol Deferoxamine 

la 80% (+ + +) 80% (+4 4) 
CALLA 0% 0% 

B4 80% (+ + +) 30% (+ + +) 
Mol 0% >90% (+ + +) 
MY-4 0% 60% (+ +} 
Leu- t 0% 0% 

Leu-4 0% 0% 


PB leukemia cell colonies were plucked at random from cultures 
contaming 2.5 umol deferoxamine and were compared to cultures 
without deferoxamine using the immunocytochemical assay. 


cultures of patients PB blast cells, there was a dose- 
dependent suppression of blast colony growth. Significant 
decline ia blast colonies was observed with DFO concentra- 
tions greater than 1.25 umol, and with 2.15 umol DFO, a 
70% reduction in blast colonies was observed. In a control 
study of normal marrow obtained from a healthy volunteer, 
DFO alse produced a dose-dependent suppression of normal 
hematopoietic colonies, CFU-C, CFU-E, and BFU-E. How- 
ever, 10 mol DFO was necessary to achieve a 70% reduction 
in colony counts. 

DFO and blas? cell differentiation. Individual blast col- 
onies from the culture plates containing DFO 2.5 umol were 
characterized (Table 2). Compared to colonies grown with- 
out exposure to DFO, a marked change in cell surface 
antigen expression was observed. Biast colonies from the 
DFO plaies strongly expressed the myelomonocytic markers 
Mol and MY-4 as determined by immunocytochemistry, and 
numbers of B-4 positive cells were markedly reduced. More- 
over, individual cells from colonies exposed to DFO were 
changed in morphology, appearing monocytic, and stained 
intensely for nonspecific esterase that could be inhibited by 
fluoride. 


In Vivo 


DFO was administered therapeutically according to the 
protocol eutlined in Table 1. 

DFO end blast cell differentiation. After 48 heurs of 
continuogs infusion of DFO as a single agent, striking 
changes in blast cell surface markers were detected immuno- 
cytochemncally (Table 3). Prior to treatment no blasts 
expressed Mol antigen, and only 8% weakly expressed MY- 
4. After 48 hours cells expressing these two antigens, Mol 
and MY-4, were detected in peripheral blood blast cells. 
Concomitantly with DFO therapy there was a sharp cecline 
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Fig 1. The effect of in- 
creasing concentrations of de- 
feroxamine on patient's PB ALL 
biast colony numbers. 
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Table 3. Surface Marker Analysis Pre- and Post-Therapy 
{% Positive Celis} 








After Deferoxamine 





Before Deferoxarnine 


Treatment Treatment 
la 80% (+ + +) 80% (4 4 +) 
CALLA 2% (+) 0% (4) 

B4 37% (+ +) 0% 
Mol 0% 40% {+ 4+ 4) 
MY-4 8% (+) 60% (4 4 4+) 
Leu-1 o% 0% 
Leu-4 0% 0% 


immunologic surface markers were determined before and after 42 
hours of deferoxamine treatment on PB smears using the inwnunocyto- 
chemical method. 


from 37% to 0% of cells bearing B4 antigen. These data were 
confirmed by immunofluorescence studies. 

At the conclusion of the 20-day treatment protocol, a 
marrow aspirate showed 60% blasts that were negative for 
PAS, Sudan-black, and acid phosphatase. In contrast to the 
marrow aspirate prior to DFO therapy, 60% of the blasts 
were positive for nonspecific esterase, and staining could be 
inhibited by fluoride. Surface marker studies performed 
concurrently demonstrated expression of myelomonocytic 
antigens that were not detected in marrow cells prior to 
treatment (Table 4). 

Antiproliferative effect of DFO. The WBC and blast 
number had increased several-fold in the three days prior to 
DFO treatment (Table 1). After the first 48 hours of DFO 
therapy, the counts reached a plateau. Significant decline of 
WBC and blast numbers was observed on day 8, that is, six 
days following combination DFO-ARA-C therapy. By day 
15, PB blasts almost completely disappeared. 

Several CFU-GEMM assays were performed on PB dur- 
ing the first 48 hours of DFO treatment (Table 5). Impres- 
sive increases in normal hematopoietic progenitor colony 
growth were documented. Erythroid and granulocytic pro- 
genitor colony formation increased several-fold over pre- 
DFO treatment colony numbers. 


Table 4. Surface Marker Analysis Before and at Conclusion of 
20-Day Treatment {% Positive Celis) 


rate hart ht 





Before Deferoxamine After Deferoxarnine 


Treatment Treatment 
la 80% 75% 
sig 10% 0% 
BA-1 14% O% 
BA-2 50% O% 
B1 Negative Negative 
B4 68% 10% 
CALLA Negative Negative 
E rosettes Negative Negative 
Leu- 1 Negative Negative 
MY-7 0% 20% 
Mol 0% 20% 
MY-4 10% 20% 


Lesa mann ae peorien yaaan 


immunologic surface markers were determined by immunofiuores- 
cence before and at the conclusion of the 20-day treatment course on 
bone marrow cells. 
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Table 5. Numbers of CFU-GEMM Colonies Pre- and Post- Therapy 


Before Deferoxamine After Deferoxamine 


Colony Type Treatment Treatment 
BFU-E 9+ 1 113 + 14 
CFU-C 45 +6 126 + 17 
Mixed 11 542 


CFU-GEMM colony culture of patient's PB was performed before and 
after 48 hours deferoxamine treatment. 


DISCUSSION 

The infant who was studied had leukemia that was unre- 
sponsive to conventional chemotherapy. At the conclusion of 
induction therapy, blasts were still present in PB and in 
marrow, and when chemotherapy was stopped, PB blast 
counts increased several-fold in three days. 

The blasts were undifferentiated according to morphologi- 
cal and cytochemical criteria and expressed antigens of B 
lineage at diagnosis. Further confirmation of their origin 
from B cells was by analysis of DNA from the leukemic cells 
that revealed rearrangement of one of the immunoglobulin 
heavy-chain genes. The presence of an abnormal karyotype, 
t(4;11), as found on cytogenetic analysis of BM cells, has 
been previously reported in neonatal ALL.'© This form of 
leukemia is characterized by PB leukocytosis, blast cells with 
an undifferentiated appearance, and poor prognosis." 
Although the cytogenetic abnormality has been found in 
ALL,” it has also been seen in cases of acute leukemia of 
myelomonocytic lineage.” 

We were prompted to use DFO in an experimental treat- 
ment protocol because of our previous finding that the agent 
was a reversible early S-phase inhibitor of human lympho- 
cyte proliferation.’ Although widely used as a chelator of 
ferric tron in disorders of iron overload, we demonstrated 
that the drug is a potent inhibitor of DNA synthesis by B and 
T lymphocytes in vitro, likely by impairing the activity of the 
iron-containing enzyme ribonucleotide reductase through a 
chelating mechanism.? More recently we have shown that 
DFO can induce monocyte—macrophage cell differentiation 
in the human promyelocytic leukemic cell line, HL-60, as 
judged by altered expression of cell surface antigens, nonspe- 
cific esterase activity, and morphological changes combined 
with irreversible inhibition of colony formation.’ The mecha- 
nism appeared to be related to inhibition of replicative DNA 
synthesis or due to an increase in number of single-strand 
DNA breaks. Because DFO has antiproliferative properties 
as well as modulatory effects on cell differentiation, it may be 
potentially useful for experimental and therapeutic applica- 
tions, 

In vitro we were able to demonstrate the antiproliferative 
effects of DFO on leukemic cell growth from our patient 
using a blast colony assay. Because the plating efficiency of 
PB blast cells was very high, clear-cut suppression of colony 
growth by DFO could be readily demonstrated. The DFO- 
induced change in blast cell surface antigen expression from 
lymphoid to myelomonocytic was striking and confirmed the 
modulatory effect of DFO on cell differentiation. 

The in vitro changes correlated closely with the findings 
during the first 48 hours of continuous infusion of DFO when 
used as a single agent. The PB WBC and blast counts, which 
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had risen dramatically for three days prior to DFO therapy, 
leveled off 48 hours after initiation of DFO infusion, suggest- 
ing an i vivo antiproliferative effect. Moreover, surface 
marker antigen changes were observed on the blast cells that 
were identical to those seen after DFO treatment in vitro. 
There was convincing evidence for expression of myelomono- 
cytic antigens and concurrent disappearance of lymphoid 
markers. The possibility that during the 48 hours of DFO 
treatment a change in PB cell distribution was responsible 
for the change in surface markers was unlikely, since the 
blast count remained stable during this period. With the 
HL-60 cell line, Boyd and Metcalf showed that the differen- 
tiation process is associated with irreversible loss of prolifera- 
tive ability, inhibition of DNA synthesis, and G,/G, cell 
cycle arrest.” Since identical changes in the same cell line 
were induced by DFO,’ this could be the mechanism by 
which D=O affected our patient's leukemic celis. Although 
the loss cf proliferative ability was suggested by our data, it 
was not definitively proven using the colony assay tech- 
nique. 

The cellular lineage of the blasts is an important aspect of 
the case because there was a change in differentiation 
markers with therapy. It is unlikely that two separate 
leukemic populations were responsible for the dual marker 
findings because the abnormal karyotype found at diagnosis 
was still detected at the conclusion of therapy, suggesting 
persistence of the same leukemic clone. There have been 
reports af conversion with chemotherapy of cases of non-T 
ALL to myelomonocytic leukemia” and from T-lymphoblas- 
tic leukemia to promyelocytic leukemia.” In the latter case it 
was shown that the leukemia was actually derived from a 
stem cell.’ Although we have observed the pattern of 
immunoglobulin heavy-chain gene rearrangement only in 
cases of ALL,* the abnormal karyotype found in our patient’s 
blast cells has been seen in both ALL and in ANLL. 157 
Moreover, the 4:11 translocation is remarkable for its asso- 
ciation with biphenotypic expression of differentiation mark- 
ers.” In our case it is possible that the blasts showed 
“lineage infidelity”? and expressed markers from two lin- 
eages at different times. With regard to the mechanism, one 
may speculate that the 4;11 syndrome is a stem cell disorder 
that can differentiate along one lineage given a set of growth 
factors and in another lineage given others. 

A low plating efficiency of normal pluripotent hemato- 
poietic precursors in acute leukemia, as demonstrated in our 
patient, nas been previously described.” The significantly 
higher plating efficiency observed using the CFU-GEMM 
assay of erythroid as well as granulocyte-macrophage ele- 
ments from our patient’s PB following DFO treatment 
occurred in spite of persistently high numbers of PB blast 
cells. It is unlikely that a high percentage of the blast-like 
cells were actually normal hematopoietic progenitors 
because of their increased numbers and morphological fea- 
tures. It is possible that DFO in vivo induced a change in the 
leukemic blasts allowing their differentiation toward the 
erythroid as well as the granulocyte-macrophage lineage as 
previous y described in Ph'-positive chronic myelogenous 
leukemia.” Another interpretation is that DFO treatment 
in some manner permitted the proliferation of normal hema- 
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topoietic progenitors that were suppressed by the leukemic 
cells as described by Broxmeyer et al.” 

The rationale for using ARA-C with DFO in the treat- 
ment protocol was based on the hypothesis that if DFO could 
reversibly block leukemic cells in S-phase, after removal of 
DFO, ARA-C should destroy the cells progressing through 
S-phase because its cytotoxic action is S-phase-dependent. 
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From the available data it is still unclear whether the 
apparent synergism between DFO and ARA-C is attributed 
to S-phase synchronization or to the differentiating action of 
DFO. The marked clinical reduction in PB blast numbers, 
the changes in leukemic cell marker expression, and the in 
vitro and in vivo antiproliferative properties prompt further 
experimental and clinical studies with DFO. 
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Activation of Neutrophil Superoxide Production by Concanavalin A 
Can Occur at Low Levels of Intracellular Ionized Calcium 


By John C. Whitin, Kazuhiko Takahashi, and Harvey J. Cohen 


The effect of concanavalin A (Con A) on the concentration 
of ionized intracellular calcium ([Ca, "> ]} in human granuto- 
cytes (PMN) was monitored using the fluorescent calcium 
indicator and chelator, Quin2. The addition of Con A to 
PMN resulted in a rise in [Ca,”°] that was markedly 
enhanced by the presence of Ca`* in the external buffer. 


The onset of the increment in [Ca,° *] preceded the onset 


not transient, with a new, higher steady-state level of 
{Ca,**] being attained within five minutes. The addition of 
a-methylmannoside (a@-MM) one minute after Con A 
resulted in the return of [Ca, >>] to the original baseline 
level and the cessation of O, production. The addition of a 
second stimulus (such as arachidonic acid) to these cells 
resulted in a second increment in [Ca,**] and the return of 
O, production. Thus the rise in [Ca,**] induced by Con A is 
tightly coupled to the activation, inactivation, and reactiva- 
tion of the O, generating system by Con A. Further 
experiments were undertaken to assess the possible 
requirement for the rise in [Ca,°*] in the activation of PMN 
by Con A. PMN could be depleted of Ca, `° by loading with 
Quin2 in the absence of extracellular Ca**. These Ca‘ ’- 
depleted PMN can be induced to produce O, after treat- 


UMAN NEUTROPHILS (PMN) respond to various 

stimuli with the initiation of O,” production, secretion 
of granule contents, chemotaxis, aggregation, or phagocyto- 
sis.’ Other responses of PMN to stimulation include 
changes in membrane potential,*’ phosphatidyl inositol 
metabolism,® protein phosphorylation, ® membrane-bound 
calcium,”'® and the concentration of intracellular ionized 
calcium ({Ca,**]).''* These latter responses have received 
much attention because of their potential causal involvement 
in the activation of PMN. 

The use of concanavalin A (Con A) as a stimulant of 
PMN responses is useful because of the ability of a- 
methylmannoside (a-MM) to reversibly terminate activation 
by Con A." In this way the relationships between different 
PMN responses can be analyzed. For example, when Con 
A-treated PMN are treated with a-MM, O,` production 
ceases, while granule secretion does not. These PMN are 
primed for a challenge by an additional stimulus: lag times 
prior to O,” production are shorter, their membrane poten- 
tial remains depolarized, and they have a diminished require- 
ment for extracellular Ca** for reactivation of O,” produc- 
tion by Con A. 

Using the trapped Ca** indicator Quin2, we found that 
Con A induces a sustained rise in Ca,** that is reversed by 
the subsequent addition of a-MM. The addition of a second 
stimulus then results in a second increment of Ca,**, thus 
demonstrating that Ca,** increases every time PMN are 
activated. We also present data that show that activation of 
PMN by Con A can occur at levels of Ca,** that are below 
the levels obtained after treatment with a stimulus. 


MATERIALS AND METHODS 


Arachidonic acid, bovine serum albumin, cytochrome c type VI, 
ethyleneglycol-bis-(3-aminoethyl ether) N ,N’-tetra-acetic acid 
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ment with PMA but not with Con A. The addition of Ca‘ * 
to Ca’ *-depleted PMN results in a return of [Ca," >] to the 
normal resting level of Ca’ *-repiete PMN. The time 
required to return to beseline is a function of the concen- 
tration of intracellular Quin2. The addition of Ca‘** to 
Ca‘ *-depteted, Con A-treated PMN results in the elevation 
of intracellular Quin2 concentration, the onset of O, 
production always occurred at [Ca,**] that were less than 
the normél resting level. Thus, activation of the O, gener- 
ating system by Con A can occur at [Ca,** ] which are much 
lower than the incremental level induced by Con A in 
Ca‘ *-replete PMN. Supporting this is the observation that 
only a very small increment in [Ca,°*] is induced by Con A 
in PMN cytoplasts, even though Con A could induce 0,” 
production in the Quin2-loaded cytoplasts. While a Con 
A-inducec increment in [Ca **] is a result of stimulus- 
response coupling and correlates with the activation of the 
PMN O, generating system, these observations raise 
doubts about the necessity of a large change in [Ca,**] in 
the activation of the O, generating system. 

e 1987 by Grune & Stratton, inc. 


(EGTA), Ficoll 70, HEPES, lysophosphatidylcholine (LPC), o- 
MM, p-nitrophenyl 8-D-glucuronide, p-nitrophenyiphosphate, 
superoxide dismutase, and triton X-100 were purchased from Sigma 
Chemical, St Louis; phorbo: myristate acetate (PMA) from Consoli- 
dated Midland, Brewster, NY; cytochalasin B from Aldrich Chemi- 
cals, Milweukee, WI; Fico!l-Paque and Dextran T-500 from Phar- 
macia Fine Chemicals, Piscataway, NJ: and the fluorescent calcium 
indicator Quin2 and Quin2-tetra-acetoxymethyl ester (Quin? A/M) 
from Behring Diagnostics, La Jolla, CA. Stock solutions were 
prepared as follows: Con A at 2 mg/mL. in distilled H,O; cytochala- 
sin B at LO mg/mL in dimethyl sulfoxide (DMSO): PMA at 2 
mg/mL in DMSO and diluted te 20 pg/mL in buffer for use; and 
LPC at 2 mg/mL in ethanol. Arachidonic acid was diluted to 2.5 
mg/mL in 25% vol/vol ethanol and clarified with 0.1 N NaOH. 
Quin2 A/M was dissolved at 10 mmol/L in DMSO. 

Human peripheral blood PMN were isolated utilizing Dextran 
T-500 and Ficoll-Paque sedimentation followed by hypotonic lysis of 
contaminating erythrocytes as previously described. t PMN were 
finally resuspended in phosphate buffered saline (PBS; 135 mmol/L 
NaCl, 5 mmol/L KCI, 1G mmoi/L sodium phosphate buffer, pH 
7.40) at 5 x 10’/mL and kept in ice. 
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CALCIUM IN PMN SUPEROXIDE PRODUCTION 


PMN cytoplasts were prepared essentially as previously 
described. PMN at | x 10°/mL were incubated in 12.5% (wt/vol) 
Ficoll 70 containing 20 wmol/L cytochalasin B for five minutes at 
37°C. These PMN were then centrifuged at 81,000 x g ina 
Beckman SW-27 rotor at 33 °C for 30 minutes over a prewarmed 
discontinuous Ficoll gradient of 18% and 25% (wt/vol) Ficoll 70 
containing 20 mol/L cytochalasin B. The cytoplasts were harvested 
from the interface between the 12.5% and 18% Ficoll layers. Control 
PMN {treated at 33°C in 12.5% Ficoll containing 20 pmol/L 
cytochalasin B) and cytoplasts were then washed three times in PBS 
containing 5 mmol/L glucose and 0.5% BSA and one time in PBS 
alone before counting and marker analysis. The yield of cytoplasts on 
a cellular basis was 71% of the PMN layered on the gradient. 
Depletion of granules in cytoplasts was assessed by measuring the 
content of -glucuronidase as previously described.” The content of 
alkaline phosphatase was used as a marker of plasma membrane and 
was assayed as previously described.'* Cytoplast 8-glucuronidase 
content was 2% of PMN when normalized per cell and 4% of PMN 
when normalized per unit of alkaline phosphatase. 

O,” production was monitored continuously as the superoxide 
dismutase-inhibitable reduction of cytochrome c as previously 
described.” The buffer was Krebs-Ringer Phosphate (KRP; PBS 
plus | mmol/L CaCl, and 1.3 mmol/L MgSQ,) unless stated 
otherwise. Cytochalasin B (10 umol/L) was routinely added to all 
assays of PMN function, as we find that its presence enhances Con 
A-induced O,” production 20-fold. 

Human PMN were loaded with Quin2 A/M essentially as 
described previously. PMN at 5 x 10’/mL in PBS containing 1.0 
mmol /! CaCh, 5 mmol/L glucose and 0.5% bovine serum albumin 
were incubated with 50 umol/L Quin2 A/M for ten minutes at 
37 °C, after which they were diluted to | x 10’/mL with the same 
buffer and the incubation continued for an additional 20 minutes. At 
that time the PMN were diluted with one volume of cold PBS, 
centrifuged at 4 °C, washed one time with cold PBS, and resus- 
pended to 5 x 10’/mL PBS. In some experiments the PMN were 
depleted of Ca,** by incubation with varying concentrations of 
Quin2 A/M in the absence of Ca** as previously described. ”™” 
Responses of these PMN were monitored in HEPES-buffered saline 
(HBS; 135 mmol/L NaCl, 5 mmol/L KCI, 10 mmol/L HEPES, pH 
7.40). Where indicated 1 mmol/L CaCl, was also added. 

The fluorescence of Quin2-loaded PMN was monitored essen- 
tially as described previously.''?? PMN (5 x 10° in 1.0 mL buffer) 
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Fig 1. Effect of Con A and arachidonic acid on [Ca,* * ] and O, 
production. Fluorescence tracing of 5 x 10° PMN/ mL KRP that had 
been loaded with 50 umol/L Quin2 A/M as described in “Meth- 
ods” (upper tracings) and continuous measurement of O, produc- 
tion (lower tracings). (A) The addition of 100 ug/ml Con A {at the 
arrow) in the presence of 10 pmol/L cytochalasin B. (B} The 
addition of 12.5 ug/ml arachidonic acid {at the arrow) in the 
presence of 10 pmol/L cytochalasin B. 
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were stirred in the thermostatied (37 °C) sample compartment of a 
Perkin Elmer 650-10S spectrofluorometer. The excitation wave- 
length was set at 339 nm (band pass slit of 4 nm), and the emission 
wavelength was set at 492 nm (band pass slit of 10am). The [Ca,"*] 
was calculated from the maximum fluorescence obtained in PMN 
lysed with 10 ug/mL LPC in the presence of 1.0 mmol/L Ca’” and 
the minimum fluorescence of LPC-lysed PMN in the presence of 10 
mmol/L EGTA as described previously.” A standard curve of the 
fluorescence of known amounts of Quin2 in Ca’ *-containing susper- 
sions of LPC-lysed PMN was also prepared. The fluorescence of 
lysed Quin2-loaded PMN in the presence of 1.0 mmol/L Ca** was 
then determined and compared with the standard curve. 

PMN and cytoplasts were loaded with chlortetracycline as 
described by Smolen et al.” PMN at 1 x 10’/mL and cytoplasts at 
2.2 x 10’/mL were loaded with 50 wmol/L chlortetracycline for 20 
minutes at 37 °C, after which they were washed by centrifugation 
and resuspended in PBS. Fluorescence tracings were performed at 
an excitation wavelength of 380 nm (slit of 6 nm) and an emmission 
wavelength of 560 nm (slit of 6 nm). 


RESULTS 


Effect of activation of PMN on [Ca,""]. As many 
reports have recently shown,'''*** Quin2-loaded PMN can 
be used to monitor changes in [Ca;> >] induced by various 
stimuli. Figure 1A shows that Quin2-loaded PMN, pre- 
treated with cytochalasin B (necessary for maximum ConA 
induced O,” production), respond to Con A with an increase 
in {Ca,**]. The onset of the increment in [Ca,°*} occurs 
within 15 seconds and precedes the onset of O,” production 
at 30 to 50 seconds. For 12 blood donors, the resting [Cat] 
for PMN under these conditions is 110 + 18 nmol/L 
(mean + SD) while that of the peak value of [Ca,""| 
induced by Con A is 547 + 174 nmol/L. After the peak has 
been achieved there is a subsequent decline in [Ca t], 
which reaches a new steady-state level (a mean of 259 + 19 
nmol/L, n = 6) in approximately three minutes. Essentially 
the same phenomenon occurs when Quin2-loaded PMN are 
treated with 12.5 ng/mL arachidonic acid. Figure |B shows 
that Quin2-loaded PMN treated with arachidonic acid also 
undergo a sustained increase in [Ca,**] that precedes the 
onset of O,” production. 

Effect of inactivation of stimulated PMN on [Ca,"]. H 
the Quin2-loaded PMN are instead treated with 25 mmol/L 
a-MM one minute after treatment with Con A (at the peak 
of the [Ca,**] transient, Fig 2A) the Con A-induced incre- 
ment in [Ca,**] is completely reversed and [Ca;** ] returns 
to its initial, resting level. Treatment of Con A-stimulated 
PMN with a-MM in this manner results in the cessation of 
O, production, Thus treatment of PMN with Con A results 
in a reversible increase in [Ca;> >]. In addition, the fluores- 
cence response to Con A appears to be biphasic. The 
sustained increase in [Ca,**] induced by Con A is not an 
artifact due to the Ca**-buffering capacity of Quin2, since 
the same results are obtained if the PMN are first incubated 
with Con A and are then loaded with Quin2 (data not 
shown). In addition, PMN that are treated with Con A 
followed by a-M M one minute later and are then loaded with 
Quin2 display the normal resting [Ca;°"]. While the time 
course of changes in [Ca;**] may be influenced by the 
buffering capacity of Quin2 as described for FMLP-treated 
PMN,” the phenomena are the same whether Quin2-loaded 
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Fig2. Effect of removal of stimuli on [Ca,""] and O,” produc- 
tion. Fluorescence tracings of Quin2-loaded PMN and O, produc- 
tion as in Fig 1. (A) The addition of 25 mmol/L a-MM {at the 
second arrow) to Con A-treated PMN. (B) The addition of arachi- 
donic acid (first arrow) followed by the addition of 1.35 mg/mL 
fatty acid-free bovine serum albumin (BSA) (second arrow). 


or control PMN are treated with Con A. Ina similar manner, 
Quin2-loaded PMN treated with arachidonic acid followed 
by fatty acid-free bovine serum albumin at one minute cease 
producing O,” (as shown in previous reports’) and 
undergo a reversal of their increase in [Ca;**] to their 
original resting level (Fig 2B). 

Effect of reactivation of PMN on [Ca;**/]. Previously 
activated PMN can be reactivated to produce O,” by the 
subsequent addition of another stimulus.'*'* As can be seen 
in Fig 3A, when arachidonic acid is added to PMN previ- 
ously treated with Con A followed by a-MM, the [Ca,**] 
increment is the same as when resting PMN are treated with 
arachidonic acid (Fig 1B). Figure 3A also shows that arachi- 
donic acid can induce O,” production in PMN previously 
treated with Con A followed by a- MM. PMN that have been 
activated with arachidonic acid and inactivated with fatty 


Quin? 
Fluorescence 





Fig 3. Effect of second stimuli on [Ca,**] and O, production. 
Fluorescence tracings of Quin2-loaded PMN and O, production in 
the presence of 10 umol/L cytochalasin B as in Fig 1. (A) The 
addition of Con A (first arrow) followed by a-MM (second arrow) 
followed by arachidonic acid (third arrow). (B} The addition of 
arachidonic acid (first arrow) followed by BSA {second arrow) 
followed by Con A (third arrow). 
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acid-free bovine serum albumin can also be reactivated by 
the addition of an additional stimulus such as Con A (Fig 
3B). The addition of Con A results in an increment in 
[Ca,"*] and the resumption of O,` production. Therefore, 
for both Con A and arachidonic acid, the increment in 
{Ca,;"*] occurs when PMN are either activated or reacti- 
vated to produce O,” (Fig I and 3), while for both of these 
stimuli inactivation of the O,” generating system by removal 
of the stimulus also results in the return of [Ca,**] to the 
original resting level (Fig 2). 

Effect of Con A on cytoplast [Ca,;**]. The same type of 
experiment using PMN cytoplasts was performed. Control 
PMN (5 x 10'/mL, heated to 33 °C for 30 minutes in 12.5% 
Ficoll/20 umol/L cytochalasin B) and cytoplasts (approxi- 
mately 1.1 x 10°/mL, having the same alkaline phosphatase 
content as control PMN) were loaded with Quin2 A/M. The 
resting [Ca;* *] of cytoplasts was 66 + 3 nmol/L compared 
to the [Ca;**] of 151 + 20 nmol/L for these control PMN 
(Fig 4). When these Quin2-loadec cytoplasts were treated 
with Con A, there was a very smal! increment in [Ca,**] to 
78 nmol/L over several minutes. In contrast, the [Ca,**] of 
these control PMN increased to 302 nmol/L after treatment 
with Con A. Despite the extremely small increment in 
[Ca;**] induced by Con A, the Quin2-loaded cytoplasts 
generated QO,” at approximately 50% of the rate of control 
PMN (normalized per unit cf alkaline phosphatase, Table 
1), with lag times for Con A O,~ production of approxi- 
mately 109 seconds. This very small increment in [Ca,**] of 
cytoplasts induced by Con A was both inhibitable and 
reversible with a-MM as was O,” production (data not 
shown). This would indicate that PMN cytoplasts can be 
activated by Con A to produce O,” at levels of [Ca,**], 
which are significantly lower than even the normal resting 
level of PMN. The release of membrane-bound calcium (as 
measured by following changes in fluorescence of chlortetra- 
cycline-loaded cells) was also compared for control PMN 
and cytoplasts. As shown in Fig 5, the addition of Con A to 
both PMN and cytoplasts results in a loss of chlortetracy- 
cline fluorescence, indicative of a decrease in membrane- 
associated calcium. In contrast to the Quin2 tracings, the 
time course of fluorescence change is smaller for both PMN 
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Fig 4. Fluorescence tracings of cells loaded with 50 umol/L 
Quin2 A/M in KRP. The addition of 100 ug/mL Con A to 1.1 x 10’ 
cytoplasts/mL in the presence of 10 umoi/L cytochalasin B. For 
comparison, the addition of Con A to 5 x 10° control PMN/ mL in 
the presence of 10 umoi/L cytochalasin B is also shown. The 
resting and stimulated [Ca,"*] are indicated for both cell types. 
Comparab‘e results were obtained in each of three separate 
cytoplast preparations. 
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Table 1. O, Production by Quin2-Loaded PMN and Cytoplasts 








nmol O,” /min/alkaline 





Celis Stimulus Phosphatase 
PMN Con A 8.8 
PMN PMA 3.7 
PMN Arachidonic acid 3.5 
Cytoplasts Con A 3.7 
Cytoplasts PMA 1.6 
Cytoplasts Arachidonic acid 2.4 
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Cytopiasts and control PMN were prepared as described in the text, 
after which they were loaded with 50 mol/L Quin2 A/M. Rates of 0,7 
production were then determined for stimulation by 100 ua/mL Con A, 1 
ug/ml. PMA, and 12.5 pg/mL arachidonic acid in the presence of 10 
mol/L cytochalasin B. Results are normalized to equivalent amounts of 
the plasma membrane marker alkaline phosphatase, reported as arbitrary 
units, Shown are the averages of duplicate determinations {which did not 
differ by more than 20%) of an experiment performed two times with 
comparable results, 


and cytoplasts and more closely correlates with the lag time 
for O,` production. The ability of PMN to be activated by 
Con A at low [Ca;**] was tested by the following experi- 
ments. 

Studies using Ca** depleted PMN. PMN loaded with 
Quin2 A/M in the absence of extracellular Ca** can become 
depleted of [Ca;**], as previously reported for macrophages 
and PMN,” Therefore PMN were incubated with 10 to 
100 wmol/L Quin2 A/M in the absence of extracellular 
Ca**, after which they were washed in PBS and resuspended 
in PBS as usual. The intracellular content of Quin? was 
determined as described in the methods section. For these 
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Fig 5. Fluorescence tracings of chlortetracycline-loaded PMN 
and cytoplasts. PMN and cytoplasts were loaded with chiortetra- 
cycline as described in “Methods.” Tracings of fluorescence 
changes nduced by 100 ug/mL Con A in the presence of 10 
pmol/L cytochalasin B were then obtained for 5 x 10° PMN/mL 
and 1.1 x 10°/mL KRP. A 10% change in initia! fluorescence is 
indicated for each sample, and the absolute fluorescence scale is 
the same for both tracings. The two tracings are zero-offset by 
different amounts. Comparable results were obtained in two 
cytoplast preparations. 
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PMN the content of Quin? ranged from 0.2 to 2.0 nmol / 10° 
cells, 

The exact value of [Ca,;**] of Ca**-depleted PMN is 
difficult to calculate. The fluorescence in PBS of PMN 
depleted of Ca** with Quin2 was the same as the fuores- 
cence of Quin2-loaded PMN that had been permeabilized 
with LPC in the presence of 10 mmol/L EGTA. As mea- 
sured with a Ca* ‘electrode,” the Ca* * concentration of this 
buffer in the presence of EGTA appears to be less than 20 
nmol/L, but the exact value is not known. 

In the absence of extracellular Ca*”, these PMN were 
unable to generate QO,” in response to Con A. However, these 
PMN were able to generate O,” in response to PMA (Table 
2), indicating that the PMN were not damaged by depletion 
of [Ca,**] as shown previously.” 

The addition of Con A to Ca**-depleted PMN in the 
absence of additional Ca** does not result in an increase in 
the indicated [Ca;**] (Fig 6A). If Ca** ts then added to 
these PMN in the presence of Con A, [Ca] rises and 
reaches a new steady state level (Fig 6B). The [Ca,°" | of 
these PMN does not increase further when Con A is added 
again. In contrast, Ca‘*-depleted PMN that have been 
treated first with Ca** followed by Con A do respond with 
the characteristic stimulus-induced increase in [Ca; >" | (Fig 
6C). The time course for the increase in Quin2 fluorescence 
was a function of the amount of Quin2 found within the 
PMN (tracings not shown). At all of the concentrations of 
intracellular Quin2 tested, [Ca,**] finally returns to the 
resting level of normal PMN. 

These Ca**-depleted PMN were able to generate O, in 
response to Con A after repletion of [Ca,*°]. Figure 7 shows 
the ability of these Ca**-depleted PMN to generate O` in 
response to Con A following a ten-minute incubation with 
Ca**. When [Ca +>] of these Ca**-depleted PMN is 
allowed to return to the normal resting level prior to activa- 
tion with Con A (open symbols in Fig 7), both the lag time 
prior to O,” production and the rate of O, production are 
close to control values. Thus these PMN can be reversibly 
depleted of Ca** and can regain their ability to produce O,” 
in response to Con A. 


Tabie 2. Effect of Ca-Depietion on Ability of PMN 
to Generate O; 





Quin? A/M 

incubation O,” Assay Stimulus nmol O, /min/ 10° PMN 
—Ca** ~Ca** ConA 0 
— Cat * +Ca** Con A 3.6 + 1.7 
+Ca** ~Ca** Con A 0.1+0.1 
+Ca?* +Ca** ConA 6.6 + 0.4 
—Ca** ~Ca*~ PMA 6.7 + 0.8 
~Ca** +Ca** PMA 6.4 + 0.7 
+Ca? oo o Ca** PMA 6.5 + 0.8 
+Ca** +Ca*? PMA 6.4 + 1.0 


PMN were loaded with 50 umol/L Quin2 A/M in the presence or 
absence of 1 mmol/L CaCi, as indicated. O, production was then 
measured in the presence or absence of 1 mmol/L CaCl, and 10 amoi. 
cytochalasin B after a five-minute incubation at 37 °C as indicated. The 
concentrations of stimuli were: 100 ug/ml Con A or 1 pg/ml PMA, 


two times with comparabie results. 
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Fig 6. Fluorescence tracings of Ca`“ -depleted PMN loaded 


with 50 pmol/L Quin2 A/M in the absence of Ca**. (A) The 
addition of 100 ug/mL Con A to Ca” ` -depleted PMN in HBS. {B} 
The addition of 100 zg/mL Con A to Ca* *-depleted PMN in HBS 
followed by the addition of 1 mmol/L CaCl,, followed by a second 
addition of 100 ug/mL Con A. (C} The addition of 1 mmol/L CaCl, 
to Ca‘ *-depleted PMN in HBS. Con A is then added after stabiliza- 
tion of fluorescence. Cytochalasin B (10 nmol/L) was present in all 
samples. 


The next study was designed to determine at what [Ca,* * ] 
the PMN are able to be stimulated with Con A to produce 
O,°. PMN were depleted of Ca** by loading with Quin2 as 
described above. The PMN were then incubated with Con A 
for two minutes at 37 °C in the presence of cytochalasin B. 
At that time | mmol/L Ca** was added, and the lag time 
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Fig 7. Rate of O, production and iag time by Con A-treated 
Ca` *-depleted PMN in the presence of 10 umol/L cytochalasin B. 
PMN were depleted of Ca*’ by incubation with the indicated 
concentrations of Quin2 A/M as described in Methods.” O, 
production was measured in HBS as indicated. Ciosed symbols 
indicate PMN that had been repleted with 1 mmol/L CaCl, for ten 
minutes at 37 °C prior to the addition of Con A. Open symbols 
indicate PMN that were treated with Con A for two minutes prior 
to the addition of 1 mmol/L CaCl,. Solid lines indicate the rate of 
O, production. Dashed lines indicate the lag time prior to O, 
production, which for the solid symbols is calculated from the time 
of addition of Con A, and for the open symbols is calculated from 
the time of addition of Ca” *. 
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prior to O,” production was measured. As can be seen in Fig 
8, when the lag times are compared with the time tracing for 
the repletion of [Ca; >" ] to these same Ca**-depleted PMN, 
the lag time for QO,” production always corresponded to a 
[Ca,**] of approximately 79 nmol/L. This would indicate 
that activation of the O,” generating system by Con A can 
occur at [Ca,"*] that is lower than has generally been 
appreciated. 


DISCUSSION 


Several laboratories have recently been reporting a phe- 
nomenon in PMN termed “priming.” In general, priming 
involves the sequential use of different stimuli, each added at 
suboptimal concentrations, resulting in a synergistic activa- 
tion of PMN. For example, PMN treated with low concen- 
trations of PMA followed by FMLP generate O, at a rate 
far greater than either stimulus alone.” This same type of 
phenomenon has also been reported using PMA and the 
Ca** ionophore ionomycin.” 

Con A is useful in the study of PMN priming because of 
the ability of a-MM to inhibit the binding of Con A to the 
cell surface. O,” production by Con A-treated PMN can 
therefore be prematurely terminated by the addition of 
a-MM.?"° While O,” production is terminated by this 
procedure and can be reactivated by an additional stimulus, 
some other responses are not reversed. The Con A-induced 
membrane potential depolarization is not reversed and 
degranulation continues. These cells do not return to a true 
resting state and appear to be “primed” for reactivation 
because lag times prior to O,” production are shorter in 
previously activated PMN than for control PMN. In addi- 
tion, these previously activated PMN have a diminished 
requirement for extracellular calcium when reactivated with 
Con A." This led us to speculate that permanent changes in 
[Ca;**] might account for the priming in this system. 

Recent reports have utilized the intracellular Ca** indi- 
cator Quin2 to monitor changes in phagocyte [Ca,**]. Using 
this technique, rapid stimulus-induced increases in [Ca,** ] 
are reported for PMN stimulated with chemotactic pep- 
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Fig8. Relationship between lag times for O, production with 
[Ca, ies ] in Ca‘ *-depleted, Con A-treated PMN. PMN was depleted 
of Ca‘ ` as described in “Methods.” Fluorescence tracings and O, 
production lag times were determined in HBS. In all samples 100 
ug/ml Con A was added to PMN in the presence of 10 umol/L 
cytochalasin B for two minutes followed by the addition of 1 
mmol/L CaCi,. The arrows for each curve indicate the lag time for 
O, production for that sample. Shown is a representative experi- 
ment. For three experiments, the [Ca,"*] at which O, production 
induced by Con Ais 79 + 20 nmol/L [mean + SD). 
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tides,'''* monocytes” and PMN?” stimulated with Con 
A, and J774 macrophages stimulated with ligands for immu- 
noglobulin Fe receptors.” An increase in [Ca,**] is not 
sufficient to induce O, production by PMN, since elevation 
of [Ca,**] with the Ca** ionophore ionomycin does not 
induce O,” production!’ and because chemotactic concentra- 
tions of FMLP induce a maximal increase in [Ca,** ] but do 
not induce O,” production. > 

Our data show that the activation of PMN by Con A 
results in a sustained increase in [Ca,~*] similar to that seen 
in monocytes? and in contrast to the transient increase in 
PMN [Ca,**] induced by FMLP.'''*** This sustained 
increase in [Ca,**] can be reversed when a-MM is added to 
Con A-treated PMN. PMN treated in this manner return to 
the original resting [Ca;** ]. These activated and inactivated 
PMN can then be reactivated by the addition of a second 
stimulus such as arachidonic acid, resulting in a second 
increase in [Ca,**]. This result is important because the 
priming effect seen in PMN treated with Con A followed by 
a-MM cannot therefore be due to permanent elevations in 
[Ca;**]. However, these results do confirm that [Ca,~*] is 
tightly coupled to the activation, inactivation, and reactiva- 
tion of PMN and that increments in [Ca,**] occur every 
time PMN are activated. 

We performed the same type of experiment using granule- 
depleted and enucleated PMN cytoplasts. Cytoplasts acti- 
vated with Con A to produce O,” can be inactivated with 
a-MM and reactivated with the addition of another stimu- 
lus.” As measured using Quin2, [Ca,**] of these cytoplasts 
displayed only a very small increase over several minutes 
after treatment with Con A. In one previous report, cyto- 
plasts treated with complement fragment CSa did not gener- 
age O,” or display an increase in [Ca,**],” while in another 
report cytoplasts treated with FMLP did generate O,” but 
displayed only a very small increase in [Ca,**].°° The small 
change in [Ca,;**] in Con A-treated cytoplasts was inhibit- 
able and reversible by a-MM, but the result raised questions 
about what level of [Ca,**] is needed for PMN activation by 
Con A. Although results using chlortetracycline to monitor 
changes in membrane-associated calcium are difficult to 
quantitate,”'° it is noteworthy that the time course of fluores- 
cence changes in chlortetracycline-loaded PMN and cyto- 
plasts treated with Con A were similar, and the time course 
of fluorescence changes of Quin2-loaded cytoplasts in 
response to Con A were much slower than the changes in 
control PMN. This raises the possibility that changes in 
membrane-bound calcium in Con A-treated cytoplasts occur 
in a time frame consistent with a role in the activation of the 
cytoplast O,~ generating system. It is also possible that an 
increment in [Ca,**] and not an absolute level of [Ca;**] is 
the important event in the activation of PMN by Con A. 

PMN could be reversibly depleted by [Ca;**] by loading 
with Quin2 in the absence of extracellular Ca**. These 
Ca**-depleted PMN did not generate O,” or undergo an 
increase in [Ca,;**] after treatment with Con A in the 
absence of extracellular Ca**. The addition of Ca** to these 
PMN resulted in the return of [Ca,** ] to the original resting 
level. The rate of the return of [Ca,**] to resting levels was 
influenced by the Ca**-buffering action of intracellular 
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Quin2. This allows the determination of the [Ca;** ] at which 
O,- production begins in response to Con A. Over a tenfold 
range of intracellular Quin2 concentration, O,” production 
always began at the same [Ca,**] (approximately 79 nmol / 
L Ca,**), which is lower than the resting [Ca,°* | of normal 
Ca**-replete PMN. This raises the question about whether 
[Ca,**] levels above the normal resting [Ca,*~ ] are needed 
for activation of PMN by Con A. 

Sklar and Oades have also recently reported that Ca’ ~- 
depleted PMN can generate O,” in response to chemotactic 
peptides at [(Ca,**] that are lower than the normal resting 
[Ca,**].°* However, in contrast to our results, they found 
that increasing rates of O, were obtained with Ca’ °- 
depleted PMN that had been repleted to increasing levels of 
[Ca;**]. Our experiments were possible because Ca” ”- 
depleted PMN were absolutely unable to generate QO,” unless 
[Ca,**] had been allowed to increase to a threshold level. 
Since O,” production began at the same indicated [Ca,** | 
over a tenfold range of intracellular Quin2, it is likely that all 
of the PMN were being activated. It is possible that in the 
studies of Sklar and Oades, using chemotactic peptides, only 
a fraction of the PMN were generating O, and that these 
PMN had [Ca,**] that were higher than the average value 
obtained in this type of measurement. Another possibility is 
that the Ca* *-dependent transduction mechanisms for Con 
A and chemotactic peptide stimulation are different, allow- 
ing O,- to proceed at different [Ca,”*]. Supporting this 
possibility of divergent transduction mechanisms is the 
report that demonstrates different sensitivity of Con A and 
chemotactic peptide stimulation to pretreatment of PMN 
with pertussis toxin.” These questions will be best answered 
using the recently developed fluorescent Ca** indicators 
that are suitable for use in laser-activated flow cytometry.” 

It has been reported that PMA-induced activation of 
PMN protein kinase C can occur at approximately 10 
nmol/L [Ca;**]. Thus it appears that some PMN 
responses can occur at [Ca;>*] that are lower than resting 
levels, even though increments in [Ca,;**] have been shown 
to correlate with activation of PMN by all stimuli with the 
exception of PMA.” In contrast, it has been reported that 
granule secretion by PMN that have been permeabilized 
with either saponin or digitonin is induced by micromolar 
levels of Ca**2*? Levels of [Ca,**] of this magnitude are 
not required for the activation of Con A-induced O,” produc- 
tion by either PMN or cytoplasts. It is still unclear whether 
stimulus-induced increases in [Ca;**] are activating events 
(or promoters of activation) of O,” production. It may be 
that changes in membrane-associated calcium are activating 
events in PMN and result in an increase in [Ca]. Only 
identification of the PMN components that are either acti- 
vated or inactivated by calcium will clarify this issue. 
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Inactivation of Single-Chain Urokinase (Pro-urokinase) by Thrombin 
and Thrombin-like Enzymes: Relevance of the Findings to the 
Interpretation of Fibrin-Binding Experiments 


By Victor Gurewich and Ralph Pannell 


Whereas crude bovine thrombin activated single-chain 
urokinase-type plasminogen activator (scu-PA), otherwise 
called pro-urokinase (pro-UK), purified human thrombin 
converted pro-UK (scu-PA) to a two-chain form that had no 
amidolytic activity. The two chains (M, ~ 33,000 and 
22,000) were disulfide linked and resistant to subsequent 
activation by plasmin. By contrast, thrombin did not inacti- 
vate tissue plasminogen activator or two-chain urokinase. 
The enzyme from snake venom Agkistrodon contortrix, 
relatively specific for fibrinopeptide B, had an effect similar 
to thrombin, whereas the enzyme from Agkistrodon rho- 
dostoma (ancrod), specific for fibrinopeptide A, did not. 
When pro-UK (scu-PA) was present during thrombin clot- 
ting of fibrinogen, degradation of '*I-pro-UK (scu-PA) in 
the clot supernatant was seen, whereas virtually full recov- 
ery (95%) of radioactivity was found. A loss of latent 


E HAVE PREVIOUSLY REPORTED that, in con- 
trast to the commonly used crude bovine thrombin 
preparation, Thrombostat (Parke Davis, Avon, CT), purified 
human thrombin did not activate single-chain urokinase- 
type plasminogen activator (scu-PA), otherwise called pro- 
urokinase (pro-UK).' A contaminant in the crude bovine 
thrombin was considered responsible for its effect on pro-UK 
(scu-PA}. 

Recently Conforti et al reported that treatment of pro-UK 
(scu-PA}) with purified thrombin inhibited the plasmin acti- 
vatability of pro-UK (scu-PA).? On more systematic analysis 
we have found that purified human thrombin and one 
thrombin-like enzyme from snake venom degrade and inacti- 
vate pro-UK (scu-PA) but not tissue plasminogen activator 
(t-PA) or two-chain urokinase (TC-UK). The relevance of 
these findings to the interpretation of certain pro-UK/fibrin 
binding and clot lysis experiments is presented. 


EXPERIMENTAL PROCEDURES 


Materials, Pro-urokinase (99% single chain), purified from the 
culture medium of a transformed human kidney cell line was 
obtained from Collaborative Research, Lexington, MA. High mol 
wt TC-UK, originating from Green Cross (Osaka, Japan), was 
obtained as a gift from Dr Bleakley Chandler. Tissue plasminogen 
activator, predominantly single chain, was obtained from Integrated 
Genetics (Framingham, MA). Fibrinogen and amidolytic substrate 
(S-2444) were obtained from Kabi Vitrum (Stockholm, Sweden). 
Highly purified human thrombin (1623 NIH U/mg) was a gift of Dr 
John Fenton to Dr Robert Weinstein of this department. Ancrod 
(from Agkistrodon rhodostoma venom) was obtained from Sigma 
(St. Louis). The thrombin inhibitor N-a-(2-naphthyisulfonyl- 
glycyl)-D,L-amidinophenylalaninepiperidide (NAPAP) and the 
thrombin-like enzyme Contortrix, from the venom of Agkistrodon 
contortrix, were obtained from American Diagnostica (Greenwich, 
CT). Pheaylalanyl-prolyl-arginyl-chloromethylketone (PPAck) and 
bovine serum albumin, “Purified” grade, were obtained from Cal- 
biochem {San Diego, CA). 

Plasminogen-free fibrinogen was prepared from Kabi fibrinogen 
by DFP (5 mmol/L) treatment followed by chromatography on 
Lysine-Sepharose’ equilibrated with 20 mmol/L trisodium citrate, 
0.15 mol/L NaCl, and, finally, dialysis against 25 mmol/L HEPES, 
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amidolytic activity in the clot supernatant was aiso found, 
the extent of which could be correlated with the degree of 
degradation of the radiolabeled probe. it was concluded 
that thrombin inactivation of pro-UK {scu-PA) accounts for 
the loss of amidolytic activity in the clot supernatant, 
which has been attributed to fibrin binding. Further confir- 
mation was obtained from experiments in which ancrod 
was used as the clotting agent. Ful recovery of both 
radioactivity and latent amidolytic activity of pro-UK (scu- 
PA) in the supernatant was obtained under these condi- 
tions. These findings indicate that thrombin may introduce 
an artifact in the results of certain experiments designed to 
study the fibrin affinity or fibrinolytic effect of pro-UK 
(scu-PA). 

¢ 1987 by Grune & Stratton, inc. 


pH 7.4, 0.15 mol/L NaCl. The preparation was >99% clottable 
protein. 

Radiolabeling. Pro-UK (scu-PA}) and TC-UK were labeled 
with “I via the lactoperoxidase reaction using immobilized lacto- 
peroxidase/glucose oxidase (Enzymobeads, BioRad Laboratories) 
as previously described.* The resulting specific activities were 
approximately 30 wCi/ug. Labeling was accompanied by some loss 
of enzymatic activity, but the labeled pro-UK could be fully cleaved 
by plasmin at a rate comparable to unlabeled pro-UK (scu-PA}. 

Amidolytic assay of pro-UK {scu-PA} or TC-UK.  Amidolytic 
activity was measured with Kabi substrate S-2444 (0.75 mmol/L) at 
37 °C. The reaction buffer was 0.1 mol/L Tris-HCI (pH 8.8), 0.1 
mol/L NaCl and 0.1 mg/mL BSA. One enzyme unit (EU) was 
defined as the amount of enzyme producing a change in absorbance 
(405 nm) of I absorbance unit per minute. Activation of pro UK 
{scu-PA) (0.45 umol/ L} to TC-UK was accomplished by incubation 
(37°C) with plasmin (0.125 gmol/L) for 30 to 45 minutes. The 
amidolytic activity (latent activity) in the mixture was measured 
with the addition of aprotinin (200 KIU/mL) to the reaction 
buffer. 

Treatment with thrombin or thrombin-like enzymes. The latent 
amidolytic activity of pro-UK (scu-PA) was measured at intervals 
after incubation (37 °C} at a concentration of 5,000 TU /mL (50 
g/mL} with thrombin (0.01 to 10 NIH U/mL). Similar experi- 
ments were carried out with TC-UK (5,000 IU/mL) and with t-PA 
(50 ne /mL). 

The effect of the thrembin-hke enzymes from Agkistrodon 
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venoms on the amidolytic activity of pro-UK (scu-PA) were also 
examined in a similar manner: ancrod (specific for fibrinopeptide 
A). 5 U/mL; and Contortrix (relatively specific for fibrinopeptide 
B).° 200 mU/mL (chromogenic assay units as defined by the 
supplier). These concentrations gave clotting times of five to ten 
minutes under the conditions used in the fibrin clot-binding experi- 
ments. 

The effect of thrombin inhibitors on the degradation of pro-UK 
(scu-PA) by thrombin was tested. Thrombin (10 NIH U/mL) was 
pretreated with PPAck (20 wmol/L) for one hour at 37 °C. The 
competitive inhibitor NAPAP was present at 10 mol/L during the 
thrombin treatment of pro-UK (scu-PA). Aprotinin was tested at 
500 KIU/mL present during the thrombin treatment. 

The fate of pro-UK (scu-PA) during fibrin clot-binding experi- 
ments. Fibrin-clot-binding experiments were performed by an 
extension of the basic method described by Kasai et al.’ In brief, 
pro-UK (scu-PA) or TC-UK (30 to 45 IU/mL) were added to a 
reaction mixture of plasminogen-free fibrinogen (2 mg/mL), 0.15 
mol/L NaCl, 25 mmol/L HEPES (pH 7.4), 0.01% Tween 80, and 
0.2% bovine serum albumin. The mixture was clotted with thrombin 
(1 NIH U/mL, final concentration) or ancrod (5 U/mL) and 
incubated (37°C) for 15 minutes. The tubes were chilled on ice, 
vortexed, and centrifuged. The plasminogen activator activity was 
measured in the supernatant and compared with the activity in tubes 
without fibrinogen and tubes without thrombin. The average results 
from five experiments were calculated. 

Additional experiments were performed with radiolabeled pro- 
UK (scu-PA) or TC-UK added to the above mixture. The superna- 
tant and control tubes were analyzed by autoradiography of sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) as 
well as for radioactivity. 

SDS-PAGE. Samples from the above reaction mixtures were 
subjected to SDS-PAGE by the method of Laemmli" using 10% gels. 
Samples were prepared with or without 10 mmol/L dithiothreitol 
and stained with Coomassie brilliant blue G-250 or visualized by 
autoradiography. 


RESULTS 


Thrombin inactivation of the latent activity of pro-UK 
(scu-PA). When pro-UK (scu-PA) was incubated with 
purified human thrombin, there was a time and thrombin 
concentration-dependent loss of the latent UK amidolytic 
activity (generated by subsequent plasmin treatment of the 
solution) as shown (Fig 1). Pro-UK (scu-PA) was completely 
protected by NAPAP when it was included in the incubation 


100% 
50 
01 J 1 10 
Thrombin (NIHU/mi) 
Fig 1. Latent amidolytic activity of pro-UK (scu-PA), 


expressed as percent of baseline enzyme units (EU), recovered 
after incubation (37 °C) with purified human thrombin (0.01 to 10 
NIH U/mL) for 15 (@) and for 60 minutes (©). 
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mixture; there was only 28% loss of activity when PPAck was 
used; anc aprotinin had no effect on the reaction. 

The amidolytic activities of TC-UK and of t-PA were 
unaffected by incubation with thrombin (10 NIH U/mL for 
30 minutes). 

Effect 3f ancrod or contortrix venom on the latent amido- 
lytic activity of pro-UK (scu-PA). The latent amidolytic 
activity af pro-UK (scu-PA) was not affected by incubation 
(37 °C) with ancrod (5 U/mL) for 30 minutes. By contrast, 
Contortrix venom (200 MU/mL) induced a progressive loss 
of the latent amidolytic activity of pro-UK (scu-PA), which 
was comparable to that induced by thrombin. The venom had 
no effect ən the amidolytic activities of TC-UK or t-PA. 

Thrombin degradation of pro-UK (scu-PA). A mixture 
of pro-UK (scu-PA) (5,000 IU or 50 ng/mL) and thrombin 
(1 NIH U/mL) sampled at 10, 20, 30, 45 and 60 minutes for 
SDS-PAGE under reducing conditions, showed progressive 
degradat:on of single chain pro-UK (scu-PA) to two chains 
correspording to about M, 33,000 and 22,000. The two 
chains appeared to migrate just slightly behind the heavy and 
light chains of the TC-UK marker. A relatively faint higher 
molecula- weight contaminant is also seen (Fig 2). 

When the appearance of thrombin-modified pro-UK (scu- 
PA) under reducing and nonreducing conditions was com- 
pared (Fig 3), the thrombin-modified pro-UK (scu-PA) 
migrated with a M, of 55,000 under nonreducing conditions 
(lane 2), ndicating that the thrombin cleavage peptides were 
disulfide linked. The human thrombin appeared as a major 
and minor band (lane 3) and the pro-UK (scu-PA) as a 
single baad under reducing conditions (lane 1). The higher 
mol wt contaminant seen in Figure 2 is again seen in the 
pro-UK-thrombin mixture under reducing conditions (lane 
2, Fig 3). 

Inactivation and degradation of pro-UK (scu-P A) during 
fibrin cletting. in the tubes containing buffer, thrombin, 
and pro-UK (scu-PA), a 49% (mean) loss from control tubes 
(without thrombin) of the latent amidolytic activity of 
pro-UK (scu-PA) was found, whereas a 27% (mean) loss was 


O 10 20 30 45 60 M 
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Fig 2. Reduced SDS-PAGE of M, 55.000 pro-UK (scu-PA) 
(50 ug) incubated (37 °C) with thrombin (1 NIH U/mL) for O, 10, 20, 
30, 45, ard 60 minutes. A marker (M) made up of a mixture of 
pro-UK (seu-PA) and TC-UK is shown. The high mol wt band is a 
contaminent having no time dependence. 
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Fig 3. SDS-PAGE under reducing and nonreducing conditions 
of pro-UK (scu-PA) before (1) and after (2) incubation (37 °C) with 
thrombin (5 NIH U/mL) for 60 minutes. The human thrombin 
preparation (5 ug) (3) and a marker (M) made up of a mixture of 
pro-UK (scu-PA) and TC-UK are shown. A high mol wt band, 
comparable to the contaminant seen in Fig 2, can be seen in lane 2 
(reduced) but not elsewhere. 


found in the fibrin clot supernatant. No significant change in 
the amidolytic activity of TC-UK was observed either in 
buffer or in the fibrin clot supernatant. A 95% recovery of 
radioactivity from '*I-pro-UK (scu-PA) and complete 
recovery of '**1-TC-UK in the clot supernatant were obtained 
(Table 1). 

Autoradiography of SDS-PAGE of incubation mixtures 
from this experiment showed degradation of '**I-pro-UK 
(scu-PA) during incubation with thrombin both with and 
without fibrinogen. Loss of the M, 55,000-band compared 
with baseline and appearance of a M, 33,000-band was seen 
(Fig 4). The degradation was greater in buffer (lanes 2 and 
3) than in the fibrin clot supernatant (lanes 5 and 6). 
Samples from two experiments with pro-UK are shown to 
demonstrate the reproducibility of the findings (lanes 2, 3, 5, 
and 6). There was no change in the appearance of TC-UK 
(lanes | and 4) (Fig 4). 

When ancrod (5 U/mL) was used instead of thrombin, 
there was no loss of either amidolytic activity or radioactivity 
in the fibrin clot supernatant. 


Table 1. Amidolytic Activity and Radioactivity After 15 Minutes 
Incubation (37 °C) with Thrombin (1 NIH U/mL) 


or after Thrombin Clotting 
Pro-UK TC-UK 
Amidolytic Action Amuidoiytic Action 
Radioactivity Radioactivity 

EU/mL CPM EU/mL CPM 
Control 0.98 4,175 0.110 4,015 
(100%) (100%) (100%) (100%) 
Thrombin + Buffer 0.050 4,175 0.104 4,015 
(51%) (100%) (95%) (100%) 
Clot Supernatant 0.072 3,986 0.107 4,084 
(73%) (95%) (97%) (102%) 
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Fig 4. Autoradiograph of reduced SDS-PAGE of “*I-pro-UK 
(scu-PA) (M) after 15 minutes incubation (37 °C) with thrombin (1 
NIH U/mL) in buffer (2 and 3) or in fibrinogen solution (clot 
supernatant) (5 and 6). Samples from two separate clots are 
shown. The results of similar mixtures with '**I-TC-UK (M1) are 
seen in lanes 1 and 4 representing buffer and clot supernatant 


respectively. 


DISCUSSION 


This study demonstrates that the latent activity of pro-UK 
(scu-PA) but not the activities of TC-UK or of single chain 
t-PA, is inactivated progressively by physiologic concentra- 
tions of thrombin. Thrombin converted pro-UK (scu-PA) to 
a two-chain form that had no amidolytic activity. 

The two chains generated by thrombin migrated on SDS- 
PAGE in positions comparable to those of the light and 
heavy chains of TC-UK. This molecule was not susceptible to 
activation by plasmin. Conversely, TC-UK was not inacti- 
vated by thrombin. The thrombin cleavage site in pro-UK 
(scu-PA) was close to the plasmin cleavage site within the 
disulfide-linked domain of the molecule. Inactivation of 
pro-UK (scu-PA), comparable to that induced by thrombin, 
was also seen with the thrombin-like snake venom enzyme 
from Agkistrodon contortrix, relatively specific for fibrino- 
peptide B, but not with the one from Agkistrodon rhodos- 
toma (ancrod), specific for fibrinopeptide A. 

When pro-UK (scu-PA) was incubated with thrombin 
plus fibrinogen, there was a loss of latent activity in the clot 
supernatant relative to a buffer control without thrombin. 
But this loss of activity in the supernatant, previously attrib- 
uted to fibrin binding,” could be correlated with the degree of 
degradation seen by SDS-PAGE autoradiography. Further 
evidence that the pro-UK (scu-PA) did not bind to fibrin 
under these conditions was the full recovery of both counts 
from '**I-pro-UK (scu-PA) and plasmin-activatable amido- 
lytic activity in the supernatant when ancrod was used 
instead of thrombin to clot fibrinogen. Thus in this experi- 
mental model, thrombin inactivation of pro-UK (scu-PA) 
introduces an artifact that may masquerade as fibrin bind- 
ing. 

Conversely, when fibrin affinity is determined by the 
recovery of UK-antigen after clotting,” degradation of pro- 
UK (scu-PA) would obscure fibrin binding under experimen- 
tal conditions in which the fibrin binding of pro-UK itself 
may occur. The sensitivity of pro-UK (scu-PA) to degrada- 
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tion by thrombin may also lead to an underestimation of its 
contribution to lysis when this is studied by measuring 
spontaneous fibrinolysis after thrombin clotting." 

The addition of fibrinogen attenuated the inactivation and 
degradation of pro-UK (scu-PA) by thrombin. This was 
observed in the fibrin clot-binding experimental model in 
which the extent of degradation found in the clot supernatant 
was about 45% less than that in the buffer control. This effect 
may be explained by competition of the substrate fibrinogen 
(6 mol/L) with the substrate pro-UK (scu-PA) (9 nmol/L) 
for the active site of thrombin. 

During the finalization of this manuscript, the cleavage of 
pro-UK (scu-PA) by thrombin at the Arg 156-Phe 157 bond, 
two residues from the activation site, was identified by 
Ichinose et al." In view of this, it is noteworthy that cleavage 
at this site renders the Lys 158-Ile 159 bond not susceptible 
to activation by plasmin. Perhaps not surprisingly, cleavage 
within the disulfide-linked domain of pro-UK causes a major 
conformational change in this region, causing the susceptible 
bonds for plasmin and respectively for thrombin to become 
nonrecognizable. 

This effect of thrombin explains an earlier observation 
that pro-UK (scu-PA), in contrast to UK or streptokinase, 
induces little endolysis when incorporated into a forming clot 
(unpublished), whereas pro-UK (scu-PA) induces exolysis of 
a preformed clot incubated in plasma very effectively.’ 
Physiologically the inactivation of pro-UK (scu-PA) by 
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thrombin may serve to maintain the integrity of a fresh clot 
by inhibiting endolysis. Tissue plasminogen activator and 
TC-UK, though resistant to thrombin, are inhibited by 
plasminogen activator inhibitor-1,'° whereas pro-UK is not.” 
Therefore a separate mechanism appears to exist in a form- 
ing clot to inactivate pro-UK (scu-PA) and to prevent the 
generation of TC-UK. 

These findings are relevant to the interpretation of certain 
published studies but do not resolve the controversy regard- 
ing the fibrin binding of pro-UK (scu-PA). They only 
suggest that pro-UK (scu-PA) does not bind to fibrin under 
the preseat experimental conditions. Since a single chain 
form of UK was first identified in urine and isolated because 
of its specific binding to fibrin/Celite,'*"° a certain fibrin 
affinity fcr pro-UK (scu-PA} has been assumed. However, 
this property of pro-UK appears to be conditional, as sug- 
gested by the observation of Husain” that Zn** is a require- 
ment. We have recently confirmed this Zn** dependence 
using fibrin-lined tubes pretreated with an antithrombin. 
Binding cf pro-UK (scu-PA) to fiorin/Celite was also con- 
firmed in this study and was shewn to be potentiated by 
Zn**, in contrast to TC-UK, which did not bind and was 
unaffected by Zn**." 

In conclusion, the sensitivity of pro-UK (scu-PA) to 
degradation by thrombin is relevant to the interpretation of 
some experimental findings and probably is involved in 
modulatiag the biologic function of pro-UK (scu-PA). 
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Large Numbers of Primitive Stem Cells Are Active Simultaneously 
in Aggregated Embryo Chimeric Mice 


By D.E. Harrison, C. Lerner, P.C. Hoppe, G.A. Carlson, and D. Alling 


The possibility has been repeatedly raised that erythro- 
poiesis results from clonal succession—the differentiation 
of one or a very small number of the most primitive stem 
celis that are sequentially activated to proliferate forming 
clones of differentiated cells and then eventually decline, to 
be replaced by new stem cell clones. We studied this 
possibility in chimeric mice made by combining embryos 
from two different strains so that they would have two 
distinct stem cell populations, each of which produces a 
different hemoglobin type (d and s). These were compared 
with F, hybrids in which every stem cell produces both 
types. We measured the percentage of type d in seven to 
ten serial samples of circulating reticulocytes taken at 
three- to seven-day intervals and found that the variability 
in percent of this hemoglobin was only slightly higher in the 
chimeric mice than in F, controls; SD ranged from 2.7% to 
5.5% in the chimeric mice and from 3.4% to 3.9% in the 
controls. Using the binomial formula, the numbers of new 
clones formed during the reticulocyte life span, approxi- 
mately three days, ranged from 33 to 118 in the individual 


HE HYPOTHESIS that normally functioning somatic 
cells have a limited proliferative capacity’ appears to be 
contradicted by findings that long-term repopulating abili- 
ties of stem cells are unchanged after a life span of normal 
function.** However, only a small fraction of differentiating 
cells are primitive stem cells, so the kinetic patterns by which 
they multiply and differentiate have not been defined unam- 
biguously. Important basic information such as the number 
of stem cells in a marrow graft or the number of doublings 
that can be achieved by hematopoietic cells cannot be 
estimated without knowing these patterns. It is possible that 
most stem cells proliferate very little, so that at any given 
time only a few contribute to erythropoiesis.” This would 
allow the remaining stem cells to conserve their proliferative 
capacity. 

Numbers of clones contributing to a population made up 
of two cell types may be estimated using the binomial 
formula®'' in which the estimated number of clones (n) 
depends inversely on the variance of the observations (see 
below). Numbers calculated in this way are underestimates 
because the variance includes experimental error and is 
thereby increased so that n is decreased. The estimated 
number of stem cells is also decreased if any other source of 
variability within the individual mice is increased. Use of this 
calculation in our studies is based on the following assump- 
tions: that the different phenotypes in reticulocytes and in 
mature erythrocytes will occur in the same proportions as 
those of the active primitive stem cells; that no other mecha- 
nisms influence the proportioning of cells of the different 
genotypes; and that each primitive stem cell becomes inac- 
tive after it produces its burst of erythrocytes. 

To obtain cells with two distinguishable hemoglobin types, 
we made chimeric mice by aggregation of early embryos of 
two distinguishable genotypes. Such mice are normal 
appearing and may contain cells of both genotypes in any 
tissue, including the hematopoietic system.'?"> Relative pro- 
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chimeric mice. However, these numbers are underesti- 
mates because estimated numbers of clones depend 
inversely on variabilities, and the calculations did not 
exclude the contribution of experimental error to the 
overall variability. Total percentages of type d hemoglobin 
were also measured in seven to nine successive serial 
samples at 60- to 136-day intervals. These gave mean 
values similar to measures of newly synthesized hemogio- 
bin in the same mice, but SD were larger, ranging from 
5.3% to 8.4%. This reflects experimental error, both 
because of excess day-to-day variability found in this type 
of measurement and because there could not be fewer 
primitive stem cells activated to form clones of erythro- 
cytes during the 45-day erythrocyte life span than during 
the three-day life span of reticulocytes. Since most and 
maybe all of the variation between successive samples in 
the same chimeric mouse appear to result from experimen- 
tal error, many or even all of the primitive stem cells may 
simultaneously contribute to erythropoiesis. 

® 1987 by Grune & Stratton, Inc. 


portions of blood cells in such mice may favor one genotype, a 
tendency that is reduced by using congenic strains.’ 
Changes with time in populations of RBCs and WBCs and 
cells in lymphoid tissues within a single mouse have been 
found in 20% to 60% of chimeras.'*'?"' In these “unstable” 
chimeras, peripheral WBCs and hemoglobin compositions 
were not correlated.’ In one set of studies there was no 
apparent preference for cells of one of the genotypes compos- 
ing the chimera,” while in a previous report there was a shift 
to the B6 genotype.” 

Previously reported theories and data implied that very 
few stem cells produce erythroid cell clones at the same time, 
and each is active for a short time.*'° If this is true, then 
much more variability should be observed when newly syn- 
thesized rather than total hemoglobin proportions are moni- 
tored, since RBCs newly released into the circulation only 
synthesize hemoglobin for three days and hence are much 
less subject to the damping effect observed in mature eryth- 
rocytes that have overlapping 45-day life spans. The geno- 
types of both newly released and total RBCs are controlled 
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by the genotype of the most primitive stem cells from which 
the blood cells are descended. Therefore we followed changes 
with time in populations of hemoglobin-synthesizing reticu- 
locytes as well as total RBCs in mice containing cells that 
produce two distinguishable hemoglobin types. 


MATERIALS AND METHODS 


Chimeric mice were made from the C57BL/6J (B6) and CBA/ 
HT6J (CBA) inbred strains. Bő and CBA embryos were aggregated 
at an early preimplantation stage, and the aggregate was allowed to 
develop to term in a foster mother, using techniques previously 
described.'* The B6 and CBA strains have hemoglobin types that are 
distinguishable by electrophoresis; at the beta chain (Hbb) locus, B6 
mice have Hbb (s, single) hemoglobin, which forms the band 
migrating farthest on the cellulose acetate gels used, whereas CBA 
mice have Hbb-b/4 and Hbb-b (d, diffuse) hemoglobins. These are 
the intermediate--and slowest-—migrating bands, respectively. 
Only seven of the 24 chimeras consistently had detectable levels of 
type d bands and were used for these experiments. Coat colors of six 
of these were roughly equal mixtures of CBA type (agouti) and B6 
type (black), while one had only agouti hair. Seven other chimeras 
with roughly equal mixtures cf CBA and B6 coat types produced 
only B6é-type hemoglobin, as did all ten mice with only B6-type coats. 
There may have been no CBA cells in the latter. All mice were 
produced and maintained at the Jackson Laboratory, which is fully 
accredited by the American Association for Accreditation of Labo- 
ratory Animal Care. 

Reticulocytes in circulating blood cells from these mice were 
incubated with °S-labeled methionine to quantitate their hemoglo- 
bin synthesis as follows. Peripheral blood was collected from the 
retro-orbital sinuses, removing 30 uL in 10 uL and 20 uL capillary 
tubes. The 10 uL sample was used to determine hemoglobin concen- 
trations to assure that mice did not become anemic with repeated 
sampling. Hemoglobin synthesizing activity also did not increase 
with repeated sampling, indicating that reticulocyte numbers did not 
significantly increase, since only small amounts of blood were used. 
The 20 uL sample was added to 100 uL of F-12M medium 
(412-615A, MA Bioproducts, Walkersville, MD) containing 2% 
fetal calf serum and 50 aCi of P S]-labeled methionine (#SJ-204, 
Amersham, Arlington Heights, IL) to label freshly synthesized 
hemoglobin as previously described.*” Cultures were incubated for 
three hours at 37 °C in 5% carbon dioxide, balance air. 

Hemoglobins were separated by standard electrophoretic proce- 
dures as follows: The blood cells were washed twice with cold saline 
by centrifugation, and the pellet was resuspended in 20 uL of the 
Cystamine lysing agent used to prepare hemoglobins for electropho- 
resis. Samples were frozen to lyse the cells, and the hemoglobin types 
were separated by electrophoresis on cellulose acetate gels as previ- 
ously described.*”? These d and s bands are illustrated in Fig 1. 

Total amounts of radioactive d and s hemoglobins were deter- 
mined, and the relative amount of labeled d hemoglobin was 
expressed as a percent as follows. Each of the hemoglobin-containing 
bands was cut from the cleared gel, solubilized in | mL of Soluene- 
350 (Packard, #6003038 diluted 9 to | with distilled water), and the 
[°S] activity was counted by scintillation counting with an Omniflor 
cocktail (#NEF-906B, New England Nuclear, Boston). Background 
was determined by counting a portion of the gel beyond where the 
hemoglobin migrated, and background counts were subtracted. Data 
were expressed as the percentage (counts in diffuse bands/total 
counts in the diffuse + single bands). Identical separation proce- 
dures were used for measurements of total hemoglobins, but packed 
RBCs were used, and amounts of d and s hemoglobin were deter- 
mined by densitometry, as previously described.*” 

Two-color analysis by flow cytofluorimetry was used to determine 
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Fig 1. The bands pictured are Hbb-b1"% (was Hbb™™”) and 
Hbb-b2° was Hbb™”), containing 80% and 20% respectively of 
the d murine hemoglobin and the s band of s (single or Hbbs) 
hemoglobin. This figure diagrams a typical cellulose acetate elec- 
trophoretic gel. 


the percentage of H-Ž/H-Ż lymphocytes in peripheral blood. 
Briefly, lymphocytes were isolated from 150 uL of peripheral blood 
by centrif igation through Ficoll-Hypaque (LSM, Bionetics Labora- 
tory Products, Kensington, MD) and incubated in 200 ui. with 
labeled ar ti-H-2D° (28-14-8) and anti-H-2K* (16-3-1) monoclonal 
antibodies (MoAbs).™ Reciprocal determinations were made using 
fluoresceimated anti-H-2K* with biotinylated anti-H-2D° and bio- 
tinylated anti- H-2K* with fluoresceinated anti-H-2D° to ensure the 
accuracy of the results. After washing, binding of the biotinylated 
antibody was revealed by incubation with phycoerythrin-conjugated 
avidin (Becton Dickinson, Mountain View, CA). The cells were then 
analyzed using an Ortho Instruments Model 50H Cytofluorograph 
with a Model 2140 Data Handling System. Controls included 
CBA/HTS and CS57BL/6J lymphocytes and a series of different 
mixtures cf the two. Overlap between red and green fluorescence was 
less than 1%. 


RESULTS 


Table 1 shows the percentages of **S-methionine incorpo- 
rated int> hemoglobins newly synthesized by reticulocytes. 
Seven to ten blood samples were serially tested from each of 


Table 1. Newly Synthesized CBA-Type {d-Type} Hemoglobin 
Percentages in Seven Chimeric and Four F, Hybrid Mice 








Mouse identification Percent labeled Calculated 
Type No. CBA-type HB * Na. Clones 
Chimeric 1 8.7 + 2.7 (8) 100 
Chimeric 2 8.6 + 4.1 (7) 47 
Chimeric 3 9.9 + 4.6 (9) 42 
Chimeric 4 11.6 + 5.2 (10) 37 
Chimeric 5 9.4 + 3.8 (9) 58 
Chimeric 6 19.1 + 4.6 (9) 73 
Chimeric 7 11.4 + 5.5 (9) 33 
inbred BS la 4.4 + 4.6 (10) 
F, hybrid tb 51.1 + 3.5 (9) 
F, hybrid 2b 51.1 + 3.9 (6) 
F, hybrid 3b 51.7 + 3.4 (4) 
F, hybrid Ab 53.9 + 3.7 (4) 





Chimeric mice were used at 8 tc 11 months of age. 

*Data given as mean + SD (n) where n =~ number of successive blood 
samples taxen from the mouse at three- to eight-day intervals over a 
47-day per od. One B6 and (B6 x CBA)F. control were also used at each 
of ten intervals, and three more mice of the latter genotype (numbers 2b 
to 4b) were added part way through the experiment. Random losses of 
frozen samobles caused n = 7 to 1C in the first nine mice of this Table. 


NUMBERS OF PRIMITIVE STEM CELLS ACTIVE 


seven chimeric mice over a 47-day period at intervals of three 
to eight days. Also shown are findings in four (B6 x CBA)F, 
hybrid mice and an inbred B6 mouse. In each chimeric 
mouse the proportion of “S-labeled d hemoglobin, which 
represents the corresponding percentage of reticulocytes of 
the CBA or d phenotype, was low, with mean values ranging 
from 8.1% to 19.1%. The F, hybrids showed close to 50% d 
hemoglobin as expected, since every reticulocyte in these 
mice produces hemoglobin of both the d and s types. 

In contrast to the wide differences in the mean values of 
percent d hemoglobin between chimeric and F, hybrid mice, 
there were negligible differences in the corresponding SDs, 
which in the chimeric mice ranged from 2.7% to 5.5% 
(average, 4.4%) and in the F, hybrids ranged from 3.4% to 
3.9% (average 3.6%). A more detailed analysis of the sources 
of variation was carried out using data collected at seven 
weekly intervals on the seven chimeric mice. The residual 
mean square from such an analysis excludes day-to-day 
variation (which is largely experimental in origin) but not 
within day experimental error. The corresponding SD was 
4.5%, which agrees well with the average of the estimated 
SDs from the individual mice. 

Table 2 summarizes an earlier experiment in which hemo- 
globin synthesis in reticulocytes from blood samples was 
serially tested from two chimeric mice I 1 times at three-day 
intervals. The F, hybrid and B6 controls were also tested in 
two and seven of these runs, respectively. Percentages of d 
hemoglobin in the chimeric mice were low and similar to 
values found for the same mice three months later (Table 1). 
As in Table |, the SDs in chimeric and F, hybrid mice were 
similar. 

Table 3 summarizes studies in which total amounts of 
single and diffuse hemoglobin were serially measured by 
optical densities (ODs) seven to nine times at successive 
intervals of 60 to 136 (averaging 100) days, starting at 2 
months of age in the same seven chimeric mice used in Table 
1. On two occasions systematic variation occurred in the ODs 
such that zero readings were made for all but one mouse. 
These data were not used in the calculations. All seven mean 
values for the percent d hemoglobin were in the same range 
as those for freshly synthesized hemoglobin shown in Table 
l; moreover, there was a moderate positive correlation 
between mean values obtained in the same mouse by the two 
assay procedures. (Spearman’s rho = 0.57, p = 0.10.) The 
latter finding suggests that experimental error did not 
obscure the consistency expected in the results of the two 


Table 2. Newly Synthesized CBA-Type (d-Type}) Hemoglobin 
Percentages in Two Chimeric and One F, Hybrid Mice 


Mouse identification Percent Labeled Caiculated 
Type No. CBA-Type Hb* No. Clones 
Chimeric 2 9.1 + 3.5 (11) 68 
Chimeric 4 11.7 + 3.0(10} 118 
Inbred BG — 3.1 + 1.1 (2) 
F, hybrid m 49.9 + 2.9 (7) 


*Two of the chimeric mice described in Table 1 were used three 
months previously in this experiment. Blood samples were taken at 11 
successive three-day intervals. Some of these data were previously 
published in a different form.« 
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Table 3. Total CBA-Type (d-Type} Hemoglobin Percentages and 
Other Markers in Chimeric Mice 


spevnia inani imee anaa Pt BA nhs Mi nnana 


Percent Coat No. CBA-Type Percent 
Mouse CBA-Type Color Coat/Total CBA-Type 

No. Sex Hb Type Offspring Lymphocytes 
1 M 7.6 + 5.9(7) Mix 10/10 27 

2 M 92+5.3(7) Mix 14/16 2 

3 M 7.4+5.8(7) Mix 9/9 59 

4 F 10.7 + 6.9 (6) Mix 175 29 

5 F 16.2 + 8.4 {5} Mix 7/8 vee 

6 M 20.8 + 7.2 {6} CBA 0/0 24 

7 M 14.4 + 5.7 (5) Mix O/O ~~ 


Data collections were started on chimeric mice at 8 to 10 weeks of 
age. Percentages of CBA-type hemoglobins are given as mean «SO {n} 
where n = the number of successive blood samples taken from the 
mouse at 60- to 136-day (mean 100 days) intervals. Coat colors were 
roughly even mixtures of B6 and CBA types {mix} except in No. 6, whose 
coat appeared to be only CBA type. Numbers of offspring with CBA-type 
coat color/total offspring were measured on mating each chimera with a 
B6 mouse, so that the offspring would have the dominant agouti or CBA 
color only if this type came from the chimera. Percentages of circulating 
CBA-type lymphocytes were measured within three days of the last 
hemoglobin analysis. 


assays, especially considering the low range of d hemoglobin 
values and small number of animals. The SD values shown in 
Table 3 are appreciably higher than those in Table | and are 
not correlated with the latter (Spearman’s rho = 0.23, 
p > 0.20), which suggests that experimental error obscured 
any possible agreement between a pair of values for the same 
animals. 

Table 3 also shows that six of the chimeras had mixed 
CBA and B6 coat types, while one had only the CBA-type 
coat. All or most offspring inherited the CBA-type coat 
color, indicating CBA germ cells from four of the five 
chimeras that reproduced when tested. Percentages of CBA- 
type circulating lymphocytes tested after the final hemogio- 
bin assay were higher than CBA-type (d) hemoglobin in four 
of five chimeras and much higher in one (Table 3). 


DISCUSSION 


in the chimeras we studied, the proportion of reticulocytes 
synthesizing CBA-type hemoglobins was subject to rather 
low variability that could not be distinguished from experi- 
mental error (Tables | and 2). The low variability was not 
due to dependence between values of the successive samples 
collected, since no systematic increase occurred in the serial 
correlation coefficients. These averaged ~0.10 (range: 
— 0.43, 0.40), which is close to the theoretical value ( — 0.14) 
associated with complete independence.” The latter finding 
is evidence for independence among the sequence of values 
observed in the individual mice; accordingly, the number of 
primitive stem cells that had produced reticulocyte clones (n) 
was estimated using the binominal formula, n = p ~ p)/s’, 
where p is the mean proportion of d-type hemoglobin and s? is 
the variance calculated from the series of proportions of d 
hemoglobin observed in a single mouse. The binomial for- 
mula can readily be derived by applying Pearson’s method of 
moments.” The average of the numbers of primitive stem 
cells whose progeny actively produced reticulocyte clones 
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during the three-day reticulocyte life span calculated from 
data in Table | and 2 was 64 (range, 33 to 118). This is far 
too high for such cells to be serially activated and inactivated, 
as required by clonal selection hypotheses.’* 

Three simulations were generated as sets of 20 random 
proportions from binomial distributions with n set at 10, 100, 
and 1,000 respectively, and p = 0.116 (11.6%). The first 
computer run was used in each case to avoid any selection, 
with the following results: (mean random proportions 
expressed as percent +SD, estimated number of clones) 
11.0 + 8.5, 13 clones, 11.9 + 3.0, 116 clones, 11.7 + 1.2, 717 
clones. The SD of + 3.0 associated with n set at 100 was in the 
range of the values we found (Tables | and 2). 

Use of *S-methionine-labeled hemoglobin not only 
allowed us to estimate cell production during the short time 
that a circulating reticulocyte produces hemoglobin but also 
apparently reduced the day-to-day variability due to experi- 
mental error associated with the measurement of optical 
densities. On seven occasions during the short-term experi- 
ments on the chimeric mice, ODs and counts were measured 
on the same sample. The day-to-day variation in these data, 
which largely reflects experimental error, amounted to an 
SD of 7.6 for the ODs compared to only 2.6 for the counts. 
When total hemoglobins were assayed at intervals longer 
than mouse erythrocyte life spans, SD values ranged from 
5.3 to 8.4 (Table 3). The corresponding numbers of stem cells 
producing erythrocyte clones estimated using the binomial 
formula ranged from 19 to 38; these are appreciably smaller 
than the estimated numbers derived from the reticulocyte 
data. Since the latter estimates reflect the number of primi- 
tive stem cells whose descendents were active over the short 
reticulocyte life span, it is impossible that they would exceed 
the corresponding number of stem cells active over the entire 
life span of the erythrocyte. We infer that experimental error 
associated with the measurement of ODs accounts for this 
discrepancy. 

Most of the hemoglobin in chimeras made from the B6 and 
CBA strains was B6 type, consistent with results of Mintz 
and Palm'* but not of Warner’s group,’?”!' although in the 
former study the change to the B6 type occurred over time. 
Unlike other investigators, we found that the proportion of d 
hemoglobin in our chimeras was stable or declined only 
slightly over time. Although variability due to experimental! 
error occurred in both of our assay procedures, it was small 
enough not to obscure the intrinsic mouse-to-mouse similar- 
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ity indicated by the correlation between mean proportions of 
CBA hemoglobin in reticulocytes studied over 47 days 
(Table 1) and in total hemoglobins studied over about two 
years in the same mice (Table 3). Consistent with reports by 
Warner et al,? we found more CBA-type cells in lympho- 
cytes than in erythrocytes in four of five chimeras studied. 
Coat colors were roughly equal mixtures of B6 and CBA 
types in six and CBA type in one of the chimeras studied, 
while cozt colors in mest of the young produced by four of 
five chimeras were of tne CBA type, suggesting a predomi- 
nance of CBA germ cells (Table 3). Thus proportions of the 
two types of progenitor cells in the chimeras cf this study 
varied from tissue to tissue, as reported previously," and 
CBA cells did not grow as well as B6 cells in the erythroid 
lineage. 

The data on variability in reticulocytes suggest that the 
number of clones active over an erythrocyte life span is at 
least several hundred, an estimate consistent with other 
recent data in mice?” and in man.” These data are contra- 
dicted primarily by those of Burton et al,* which have been 
retracted”; those of Mintz et al,’ in which cells were artifi- 
cially injected into fetal hosts; and those of Lemischka et al,” 
in which descendents of individual stem cells were identified 
by unique retroviral inserts after transplantation into lethally 
irradiated recipients. Similar transplantation procedures 
have been shown to reduce the repopulating abilities of 
primitive hemopoietic stem cells 10- to 20-fold in adults.*”? 
By comparison, a life span of normal function, or growth 
from fetal] stages, does not detectably reduce repopulating 
abilities.2*” The relatively large effects of transplantation 
explain why it may cause erythrocyte production by clonal 
mechanisms involving sequential activation of later precur- 
sors not operating in untransplanted individuals. Our data 
suggest that the primitive stem cells responsible for long- 
term ery:hropoiesis in unmanipulated individuals may not 
differentiate in terminal bursts but may function continu- 
ously. This would be consistent with our finding that the 
variability of hemoglob:n types in repeatedly sampled chime- 
rics was not distinguishable from that due to experimental 
error. 
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Factor XIII A Is Synthesized and Expressed on the Surface of U937 Cells 
and Alveolar Macrophages 


By Richard L. Kradin, Garry W. Lynch, James T. Kurnick, Mark Erikson, Robert B. Colvin, and Jan McDonagh 


Factor XIII A subunit was detected in U937 cells and human 
alveolar macrophages by immunohistology and Western 
blotting. U937 cells synthesize factor XIII A subunit de novo 
under serum-free, platelet-free conditions, as indicated by 
*$-methionine labeling and immunoprecipitation. Throm- 
bin-dependent activity was demonstrated to account for 
98% of the total transglutaminase activity in U937 celis (1.5 
ug per 0.5 x 10° cells/mL). Intact U937 cells and alveolar 
macrophages and homogenates from these cells cross- 
linked fibrin to form ‘y-Y and a-polymers. Factor XII A was 
detected on the surface of intact U937 cells and macro- 


UBSTANTIAL EVIDENCE indicates that macro- 
phages participate in extravascular clotting.' Macro- 
phages synthesize coagulation factors,’ express procoagulant 
activities,’ bind fibrin to their surface,* and are a source of 
plasminogen activator.’ Factor XII A subunit has also been 
demonstrated in monocytes and peritoneal macrophages.*’ 

Factor XHIa catalyzes the formation of a peptide bond 
between certain y-carboxamide groups of glutamine and 
«amino groups of lysine® on fibrin and other suitable protein 
substrates. Factor XIII circulates in plasma as a zymogen, 
composed of two A subunits (M, = 75,000), and two nonen- 
zymatic B subunits (M, = 80,000), with the formula, A,B,.” 
Intracellular factor XIII has been identified in platelets and 
megakaryocytes,'!' placenta, and prostate tissue.’ >"? Within 
cells, factor XIII is present exclusively as dimers of the A 
subunit (A,). The activation of factor XIII requires thrombin 
and calcium,'* which convert both intracellular and extracel- 
lular zymogens to the same enzyme, factor XIIa. In contrast 
with other tissue transglutaminases that do not require 
activation, factor XIII in cells exists as an enzymatically 
inactive zymogen. 

This paper reports the biosynthesis of factor XHI A 
subunit in the U937 cell, a human promonocytic tumor line, 
that shares antigenic and functional phenotypic features 
with normal macrophages.’ Both the origin and localization 
of factor XIH in these cells is described. 


MATERIALS AND METHODS 


Isolation of factor XU A and B subunit protein. Placental 
factor XIH A subunit was purified from Fibrogammin (kindly 
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phages ty flow cytometry and *l-labeling and immunopre- 


cipitation. Cell surface expression of factor Xii A was 
augmented in the presence of several soluble macrophage 
activators; however, no concurrent increase in its biosyn- 
thesis was observed. The presence and cell surface 
expression of factor Xili A subunit within macrophages 
Suggest new pathways by which these cells may function in 
clotting and in the remodeling of the extracellular matrix 
during irflammation and wound healing. 

e 1987 by Grune & Stratton, inc. 


provided ty Behringwerke AG, Marburg, BRD),"° and the A,B, and 
B subunits were purified from plasma as previously described,” 

For electrophoresis and blotting experiments, platelets were iso- 
lated from human whole blood, anticoagulated with 3.8% citrate 
(1/10 vol, vol). Platelet-rich plasma (PRP) was obtained from whole 
blood via centrifugation at 180 x g for 15 minutes, the pH was 
adjusted :o pH 6.6, PRP was centrifuged at 2,200 x g for 20 
minutes, the platelet poor plasma (PPP} was removed, and the 
platelet pellet was resuspended in citrate buffer, pH 7.5. Following 
several washes in buffer, the final pellet, free of red biood cells, was 
resuspended in buffer, pH 7.5, containing 20 mmoL,L glucose, 40 
mmoL/L HEPES, and 26 mmoL/L glycine. 

PPP was pretreated with blue Sepharose (Pharmacia, Uppsala, 
Sweden) to remove albumin before precipitation with 40% 
(NH,),5O,. The precipitate was dialysed extensively against 
changes of HEPES/giycine buffer, pH 7.5. PRP was treated at 
56 °C for ten minutes, then removed onto ice for ten minutes, and the 
heat-denatured fibrinogen was removed by centrifugation. 

Erythrocytes were collected from red cell pellets obtained by 
centrifugation of whole blood at 180 x g. The red cell pellet was then 
washed in several changes of HEPES/glycine buffer pH 7.5 by 
repeated centrifugation. 

Factor XIH-deficient plasma was obtained from a deficient 
individua: prior to transfusion. This plasma contained no detectable 
factor XH activity when examined for the incorporation of dansyl- 
cadaverine into casein" or subunit A when examined immunologi- 
cally.’ 

Assay for transglutaminase activity. Factor XIH enzymatic 
activity was measured by the incorporation of 1,4(n)-°H putrescine 
dihydrochloride (specific activity » 161 mCi/mg (Amersham 
Radiochemica! Center, Arlington, IL} into Hammerstein casein 
(Merck, Darmstadt, BRD) as previously described. Nonzymogenic 
transglutaminase activity was assayed in the absence of thrombin. 
Disintegrations per minute (dpm) were measured in a -scintillation 
counter. 

Electrophoresis and electroblotting. Samples for electrophore- 
sis were Ciluted in an equal volume of reducing (5% dithiothreitol, 8 
moL/L urea, 5% sodium dodecyl sulfate [SDS]) or nonreducing (8 
moL/L urea, 5% SDS) sample buffer. Samples were boiled for ten 
minutes, and iodoacetamide (10 mmoL/ L} was added. The samples 
were separated by sodium dodecyl sulfate-polyacrylamide gel elec- 
trophoresis (SDS-PAGE). Electrotransfer of proteins from poly- 
acrylamide to nitrocellulose was performed in a Transphor Electro- 
phoresis Unit, run at 90 V for eight hours.” BLOTTO solution 
containing 5% Carnation nonfat dry milk; 0.05% Tween-20; 0.01% 
Anti-foam A (Sigma Chemicals, St. Louis); 2 mmoL/L CaCl: 
0.05% NaN; and 50 mmol/L Tris, pH 8.0 was used to block active 
sites on ihe nitrocellulose paper. Blots were stained with antisera 
against factor XH] A or facter XHI B (Calbiochem-Behring, La 
Jolla, CA) for one hour at 18 °C. The blots were then washed in 
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several changes of phosphate buffered saline (PBS) and 0.05% 
Tween-20 for two hours and stained for one hour with '*I-protein A 
(New England Nuclear, Boston). After washing, the blots were 
dried, and autoradiography was performed for variable intervals at 
—80 °C with Kodak X-OMAT-AR film (Eastman Kodak, Roches- 
ter, NY). 

Crosslinking of fibrin. Fibrinogen was purified from human 
plasma and iodinated with Na'”I by a lactoperoxidase method.” For 
the fibrin crosslinking experiments, 'I-fibrinogen (1 mg/mL) was 
crosslinked with purified placental factor XIH (20 ug/mL), CaCl, 
(6 mmoL/L), and a-thrombin (10 U/mL) (a gift from Dr John 
Fenton, NY State Department of Health). U937 cells, U937 cell 
extracts (2 to 3 x 10°}, or alveolar macrophages (7.8 x 10° to 
1 x 10°) were incubated in the presence of '**I-fibrinogen (~ 150,000 
cpm/sample), which had been pretreated with p-hydroxymercuri- 
benzoate (PC MB) to inactive traces of factor XIH in the fibrinogen, 
and factor XIH deficient plasma, CaCl, (20 mmoL/L) and human 
a-thrombin (0 to 10 U/mL) for 60 to 120 minutes at 37 °C. Controls 
of '*}-fibrinogen clotted in a 0, 1/10, or 1/100 dilution of normal 
plasma in HEPES-glycine buffer were also analyzed. Clots were 
removed and washed six times in PBS with ImmoL/L phenyl- 
methylsulfonylfluoride followed by additional washes in HEPES- 
glycine buffer, pH 7.5. The washed clot was suspended in reducing 
buffer, dissolved by boiling for ten minutes, and analyzed by 5% or 
10% SDS-PAGE. Gels were dried and developed at —80 °C for 
autoradiography as above. 

U937 culture and stimulatory conditions. U937 cells were 
maintained in stationary suspension cultures at a density of 1 to 2 x 
10° cells/mL in RPMI 1640 (GIBCO, Grand Island, NY) in the 
presence of heat-inactivated, 5% fetal bovine serum (FBS) and 
gentamicin (50 ug/mL)} in an atmosphere of 95% air and 5% CQ). 
Cells were stimulated in log-phase growth by recombinant IFN-y 
(10 U/mL; Genentech, San Francisco), hpopolysaccharide (LPS; 5 
ug/mL), Escherichia coli, 026:B6 (Sigma, St. Louis), phytohemag- 
glutinin (PHA; 5 ug/mL; Sigma), or phorbolmyrisacetate (PMA; 
20 ng/mL; Sigma) for 72 hours at 37 °C in RPMI 1640, 5% FBS 
and gentamicin. 

Monocyte and macrophage preparation. Buffy coats were 
obtained from 3.8% citrated blood {1/10 vol/vol), collected in 
siliconized glass tubes. Peripheral blood mononuclear cells (PBM) 
were separated on Ficoll-Hypaque, washed three times, and resus- 
pended in RPMI 1640 at 2 x 10° cells/mL. PBM were then allowed 
to adhere to glass for two hours at 37 °C prior to washing in warm 
medium to remove nonadherent cells. Purity was assessed by the 
ability of adherent cells to phagocytize latex beads (Dow Diagnos- 
tics, Indianapolis) and was »>95%. 

Human bronchioalveolar macrophages were obtained via a 300 
mL~saline bronchioalveolar lavage from the right middle lobe of 
nonsmoking workers who had been exposed to asbestos. These 
patients had no evidence of lung disease by x-ray or by pulmonary 
function testing. The lavage was filtered through sterile gauze to 
remove bronchial mucus, washed and resuspended in RPMI 1640 
with 5% FBS and gentamicin, and allowed to adhere to plastic or 
glass as described above for monocytes. 

Immunohistologic staining. Control and stimulated U937 cells 
were washed free of medium in PBS and assessed for viability by 
0.4% trypan blue exclusion. Cells (0.5 to 1.0 x 10°) were distributed 
in polyethylene tubes (Falcon, Oxnard, CA), FcR-IgG on macro- 
phages and U937 cells were blocked with heat-aggregated human 
IgG (100 wg /mL) (gift of Lynn Baird) for 30 minutes, then washed 
three times in ice cold PBS containing 0.3% NaN,. Cells were 
pelleted at 400 x gand incubated with saturating concentrations of 
mouse antihuman monoclonal OKT3, which reacts with all periph- 
eral T cells but not with U937 cells or macrophages: OKM! (C3bi 
receptor), which reacts with U937 cells and all macrophages; and 
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rabbit antihuman factor XIH A and XIII B (Calbiochem-Behring- 
werke, La Jolla, CA). Cells were then washed with PBS and reacted 
with F(ab’), goat antimouse IgG-FITC (1:40) (Tago, Burlingame, 
CA) or F(ab’), goat antirabbit IgG-FITC (1:40; Cappel Labs, 
Downingtown, PA). Cells were washed two times in PBS, pelleted 
and fixed at 18°C with 2% paraformaldehyde, then washed and 
resuspended in PBS. Cytocentrifuge preparations of macrophages 
were prepared in PBS, air dried, and stained by an avidin-biotin 
immunoperoxidase method in a humidified chamber at 18 °C. Slides 
were pretreated with H,O, to inhibit endogenous peroxidase. The 
slides were incubated with primary antisera for 30 minutes, washed 
with PBS, and then incubated with biotin-labeled goat antirabbit 
IgG and avidin-biotin peroxidase complex (Vector Laboratories, 
Burlingame, CA). They were stained with 3-amino-9-ethyl carba- 
zole and counterstained with hematoxylin.” 

Flow cytometry. Cell surface expression of factor XIH was 
analyzed with a fluorescence-activated flow cytometer (Spectrum 
III, Ortho Diagnostic Systems, Westwood, MA) after gating on the 
desired population utilizing their right and forward angle light 
scatter characteristics. Viable L937 cells form a cluster on the 
scatter plot in the same region as T cell blasts. The fluorescence 
amplifier gains were set at 520 to 600 units. These settings yielded a 
peak of fluorescence for glutaraldehyde-fixed erythrocytes at chan- 
nel 100 using a range of O to 255 linear units. The median 
fluorescence intensity was used as a quantitative measure of the 
amount of binding of antibodies. 

Biosynthetic labeling of U937 cells. U937 cells (6 x 10°) were 
washed five times in methionine-free RPMI and plated in 24 well 
plates at 6 x 10° cells/mL for one hour. L-” S-methionine (120 aCi) 
were added to each well, and the cells were incubated for four hours 
at 37 °C. The cells were washed three times in PBS, with 0.4% NaN, 
at 4°C. The cell pellets were washed in Tris buffer, pH 7.3, 
centrifuged at 4,000 x g, lysed, and extracted in 1 mL of Tris/ 
NP-40 with 1 mmoL/L phenylmethylsulfony! flouride; lysing was 
continued on ice in the presence of 3.5 mol/L NaCl. The lysate was 
precleared with Staph A (New England Enzyme Center, Boston), 
immunoprecipitated with rabbit antihuman factor XHI A or anti- 
ovalbumin for 60 minutes at 37 °C, and antigen-antibody mixture 
was incubated with Staph A overnight. The immunoprecipitate was 
washed in buffer, subjected to three cycles of freezing and thawing. 
boiled in reducing sample buffer for ten minutes, and analyzed by 
10% SDS-PAGE. The resulting gels were dried and developed in 
cassettes for two to four weeks with Ultrofilm (LKB, Broma, 
Sweden). 

Surface membrane labeling of U937 cells, 937 cells (1 x 10°) 
were washed four times in PBS with 0.4% NaN, and once with 60 
mmoL/L phosphate buffer. The cells were suspended in 200 uL of 
phosphate buffer in the presence of 200 uL of lactoperoxidase, 
Enzymobeads (Bio-Rad, Richmond, CA), 1% beta-D-glucose, and 2 
mCi of Nai” for 25 minutes.” The reaction was quenched with iced 
Tris buffer, and the cell pellet was washed four times. Membranes 
were extracted in the presence of Lysis-EDTA buffer (0.5% SDS; 
0.5% Triton; 0.23% DOC; 5 mmoL/L EDTA) for 30 minutes on ice. 
The lysate concentrations were adjusted with 0.5 mol/L NaCl. The 
lysates were Immunoprecipitated with rabbit antihuman factor XIII 
A antisera, rabbit antihuman XII} B antisera, or anti-ovalbumin 
IgG; suspended and boiled in reducing buffer: and analyzed on 10% 
SDS-PAGE. Gels were dried and developed for one to two weeks in 
cassettes with Kodak-X-Omat film. 


RESULTS 


Extraction of the factor XII A subunit from U937 
cells. NP-40 extracts from U937 cells were analyzed for 
factor XIII subunits after SDS-PAGE and electrotransfer 


780 





Fig1. Antifactor XIII A subunit immunoblot of NP-40 extracts 
of cells. U937 cells (1 x 10’/mL) were extracted in NP-40, ana- 
lyzed by 5% SDS-PAGE, immunoblotted, and stained with antibody 
to XIII A and “*I-Protein A. Lane 1: NP-40 extract of U937 cells; 
lane 2: human IgG (50 wg): lane 3: (NH,),SO, precipitate of 
biue-Sepharose absorbed plasma; lane 4: lysate of washed human 
platelets (600,000/mL); lane 5: washed human red blood cell 
lysate (10,000/mL); lane 6: purified placental factor XIII A, (7.5 
g/mL); lane 7: thrombin-treated factor XIII A, (autoradiograph 
shows reactivity with both factor XIII A subunit and its activated 
A’subunit); lane 8: purified A,B, from plasma (15 g/mL). 


onto nitrocellulose. The presence of factor XII] subunits was 
detected with monospecific rabbit antisera (Fig 1). A radio- 
labeled band, with M, = 75,000, was seen to comigrate with 
purified factor XIII A subunits that had been isolated from 
plasma, platelet extracts, and placenta. Antifactor XIII A 
antisera did not crossreact with other proteins (including the 
B subunit of factor XIII) in plasma, platelet lysates, or U937 
cell extracts. Red cell extracts, which lack factor XIII 
activity but are a rich source of tissue transglutaminase, 
failed to stain with the antisera, indicating that it did not 
crossreact with tissue transglutaminase. Placental factor 
XIII A, which had been cleaved by thrombin prior to 
electrophoresis, was identified as a second radiolabeled band 
with slightly smaller mol wt (M, = 71,000). These experi- 
ments prove the specificity of the antisera for factor XIII A 
subunit. No staining of the U937 extracts were observed with 
antifactor XIII B antisera (not shown). 

Localization of factor XIII A subunit in macro- 
phages. Factor XIII A antigen was identified in cytocentri- 
fuge preparations of monocytes, macrophages, U937 cells, 
and platelets with monospecific antisera to factor XIII A 
(Fig 2). Staining of factor XIII A in monocytes, U937 cells, 
and platelets was diffuse and homogeneous. Factor XIII A 
antigen in alveolar macrophages stained with variable inten- 
sity, indicating heterogeneous expression of factor XIII A 
antigen by these cells. Their staining was punctate and 
appeared to be localized to cytoplasmic organelles. Factor 
XIII B antigen was not detected within macrophages, plate- 
lets, or U937 cells. 

To differentiate intracellular and extracellular staining, 
intact U937 cells and alveolar macrophages were stained in 
suspension and examined by fluorescence microscopy. Factor 
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XIII A antigen was localized along the cell surface mem- 
brane. Irtracytoplasmic staining was not detected. Staining 
and cytcfluorographic analysis of paraformaldehyde-fixed 
cells con-irmed the presence of factor XIII A antigen on the 
cell surfece (Fig 3). To exclude the possibility that surface 
Staining might be due to nonspecific binding by immuno- 
globulin to inadequately blocked surface F, receptors, cells 
were stained with other rabbit antisera, including antifactor 
XIII B, fibrinogen, and ovalbumin. These control antisera 
failed to stain the cells as judged by direct visual or cytofluor- 
ometric examination. Antifactor XIII A antibodies did not 
bind to other blood cells, including red cells, lymphocytes, T 
cell blasts, and polymorphonuclear granulocytes as judged 
by flow cytometry (not shown). When U937 cells were 
incubated in the presence of serial dilutions of purified factor 
XIII A (20 g/mL) and antiserum to XIII A, a 40% 
maximal decrease in the intensity of baseline surface staining 
for this antigen was observed. However, complete inhibition 
of staining was not obtained im these experiments. An 
identical pattern of intracellular and cell surface staining of 
factor XIII A antigen was observed using mouse antihuman 
IgM menoclonal antibodies (MoAbs) that were raised 
against the purified factor XIII A subunit (unpublished 
observations, G. Lynch and J. McDonagh). 

To confirm further the identity of factor XIII A on the 
937 cell surface, iodination of factor XIII A and immuno- 
precipita-ion by rabbit antibody were performed. This proce- 
dure yielded a faint radiolabeled band in the autoradiogram 
at ~70,000 to 80,000, consistent with the observed relative 
mobility of factor XIII A subunit under these electrophoretic 
conditions (Fig 4). This band is not more distinct because 
factor XIII A antibodies are conformationally dependent; 
and detergent, which is used for cellular extraction, can 
interfere with the antigen-antibody reaction. Control rabbit 
anti-ovaloumin did not precipitate specific radiolabeled 
bands. A-tempts at immunoprecipitating surface factor XIII 
with MoAbs were unsuccessful, probably because of the IgM 
nature of these antibodies and conformational dependency of 
the antigen. Specific cell surface staining of factor XIII A 
has also been observed in mouse WEHI-3 and J774.2 
macrophage cell lines (unpublished results, G. Lynch and J. 
Oliver). 

Synthesis of factor XIII by U937 cells. Biosynthetic 
labeling of U937 cells and immunoprecipitation were per- 
formed ir serum-free medium. This produced a distinct band 
(M, = 75,000) that is consistent with the observed electro- 
phoretic nobility of the factor XIII A subunit (Fig 5). This 
effectively rules out the possibility that factor XIII A expres- 
sion by the cells was due exclusively to factor XIII A that had 
been absorbed to or internalized by macrophages from trace 
levels in serum. Lanes examined using the immunoprecipi- 
tated products of control antisera, ovalbumin, and anti-XIII 
B (not shown) displayed no specific banding. 

Modulation of cell surface factor XIII A on U937 
cells. Cells were examined to test if expression of factor 
XIII A surface-related antigen could be modulated. The 
intensity of U937 cell surface staining for factor XIII A 
antigen imcreased after 48 to 72 hours of incubation in media 
containing PMA, LPS, or IFN-y but was unaffected by the 


FACTOR XIIIA: SYNTHESIS IN U937 CELLS 


“1 
` 
ri 





Fig 2. 
monocytes, and platelets were prepared on glass slides by cytocentrifugation (400 x g) and stained for both factor XIII A and factor XIII B 
subunits by an avidin-biotin immunoperoxidase method. Cytoplasmic staining for the factor XIII A subunit is present for: (A) U937 cells, 
magnification x313; (B) monocytes and platelets, magnification x200; (C) alveolar macrophages, magnification x313. (B) Both 
monocytes and platelets fail to stain for the factor B subunit, magnification x 200. 


presence of PHA or a-thrombin (Table |). Expression of 
factor XIII B subunit was not detected under these condi- 
tions. 

Factor XIII activity in macrophages. Thrombin-depen- 
dent factor XIII activity was detected in extracts of U937 
cells and alveolar macrophages. Lysates of 0.5 x 10° U937 
cells contained 1.4 + 0.1 ug/mL of thrombin-activatable 
transglutaminase activity. This represented ~89% of the 
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identification of factor XIII A antigen in U937 cells and macrophages. U937 cells, human alveolar macrophages, blood 


total transglutaminase activity of the cells. Thrombin- 
independent activity in turn accounted for ~10 + 4% of the 
total transglutaminase activity in U937 cells. However, if 
U937 cells were lysed in the presence of the serine esterase 
inhibitor, tosylarginylmethyl ester (TAME), thrombm-inde- 
pendent transglutaminase activity was reduced to >2% of the 
total activity. 

U937 cells cultured in the presence of IFN-y (10 to 100 
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Fig 3. Flow cytometric analysis of U937 cells stained with 
antibodies to factor XIII A, factor XIII B, and fibrinogen. U937 cells 
(0.5 x 10°) were washed free of medium and incubated with 
aggregated IgG (100 ug/mL) before staining with antisera specific 
for: (A) antifactor XIII A subunit; (B) antifactor XIII B subunit; or (C) 
antifibrinogen for 30 minutes at 4°C. Cells were washed and 
stained with F(ab’), goat antirabbit-lgG-FITC. The cells were 
analyzed on an Ortho Spectrum Ill cytofluorometer at standardized 
fluorescent gains. Staining histograms from all three conditions 
are represented. Vertical axis = cell number; horizontal axis = 
fluorescence intensity. Note the positive fluorescence for the 
factor XIII A subunit (filled stars). Curves representing the staining 
results for factor XIII B subunit and fibrinogen are superimposed 
(open stars) and failed to stain above the level for the second 
antibody control (F[ab’}, goat antirabbit IgG-FITC) alone. 





Fig4. ‘I surface labeling of U937 and immunoprecipitation of 
factor XIII A. U937 cells (1 x 10°) were labeled with Na"! by a 
solid phase lactoperoxidase technique. The labeled membranes 
were extracted with detergent, immunoprecipitated with antifac- 
tor XIII A and anti-ovalbumin. and analyzed by 10% SDS-PAGE. 
Lane 1 antihuman ovalbumin; lane 2, antifactor XIII A. 
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Fig5. ™S-methionine biosynthetic labeling of U937 cells. U937 
cells (6 x 10°) were labeled in vitro by “S-methionine in methio- 
nine-free. serum-free media. Supernatants and extracts were 
precleared with Staphylococcus A and immunoprecipitated. The 
samples were boiled in reducing sample buffer and analyzed by 
10% SDS-PAGE. Autoradiographs of the dried gels were produced 
on LKB Ultrofilm. Lane 1: mol wt markers: lane 2: antifactor XIII A; 
lane 3: anti-ovalbumin. Antifactor XIII B was also negative. 


U/mL) for 18 to 48 hours showed no measurable increase in 
cell-related transglutaminase activity, nor was enzymatic 
activity detected in the external conditioned medium (Table 
2). Factor XIII activity in U937 did not increase after 
similar times in culture in the presence of concanavalin A 
(Con A), PHA-induced human T cell lymphokine, LPS, and 
a-thromtin. It appears, therefore, that factors that can 
increase the surface expression of factor XIII A antigen 
(Table || may not increase the total factor XIII enzymatic 


Table 1. Modulation of Surface Expression of Factor XIII A 


Antigen 
Median Fluorescence Intensity 
Activator/ Antigen T3 CIbiR XIIIA XIIIB 
Control 23 54 58 45 
LPS (5 ug/mL) 28 61 96 42 
PMA (20 ng/mL) 23 92 96 42 
IFN-y (10 U/mL) 24 90 90 43 
PHA (5 ug/mL) 24 78 58 45 


U937 cells were maintained in stationary culture at 1 to 2 x 10° 
cells/mL for 24 to 72 hours in the presence of various activators. Cells 
were washed, F, receptors were blocked with aggregated IgG (100 
ug/mL), and stained in suspension by an indirect fluorescence technique. 
T3 and C3bi receptor antigens were stained with F(ab’), goat antimouse 
IgG-FITC. Factor XIII A and factor XIII B subunits were stained with 
F(ab’), goa™ antirabbit IgG-FITC. Cell staining, after 72 hours of incuba- 
tion, was analyzed by flow cytometry. Data represent the median 
fluorescence intensity of the gated cell population for each condition. 
Note the increase in expression of factor XIII A antigen after stimulation 
with LPS, FMA, +-IFN but not PHA. The C3bi receptor antigen increases 
with exposure to PMA, y-IFN, and PHA but is minimally affected by 
LPS. 


FACTOR XIIIA: SYNTHESIS IN U937 CELLS 


Table 2. Transglutaminase Activity of U937 Cells + Stimulation 


by IFN-y 

0.5 x 10° U937 cells/mL Assay 7H-Putrescine (dpm) 

RPMI — Thrombin 108 + 187 
+ Thrombin 1129 + 36 

IFN- Thrombin 82 + 103 
+ Thrombin 1117 + 121 


U937 cells were grown in serum free RPMI + IFN-y (10 U/mL) for 24 
hours. The cells were washed in HEPES-glycine buffer, pH 7.5, resus- 
pended to 0.5 x 10° cells/mL, and lysed by sonification. Assays were 
performed in the presence and absence of a-thrombin. Values show the 
mean and SDs of four separate determinations in disintegrations per 
minute (dpm) of *H-putrescine incorporation into casein at pH 7.5. 


activity of the cell. Alternatively, increased synthesis of 
factor XIII A may be offset by its increased intracellular 
degradation. 

Macrophage-induced crosslinking of fibrin. U937 and 
alveolar macrophage cellular extracts or nonextracted U937 
cells and alveolar macrophages incubated in the presence of 
factor XIII-deficient plasma, PCMB-treated '*I-fibrinogen, 
thrombin, and calcium were capable of producing y-y cross- 
links and a-polymers in fibrin, but lanes analyzed in the 
absence of cells or their extracts failed to display crosslinking 
(Fig 6). Lanes containing cell extracts displayed degradation 
of the a-chain of fibrin. This phenomenon of a-chain degra- 
dation and y-y crosslinking has also been observed in systems 
in which platelets were the only source of factor XII.” 

Intact U937 cells and alveolar macrophages were pre- 
treated with human a-thrombin (0.1 to 10 U/mL), washed, 
and exposed to PCMB-treated '**I-fibrinogen in the presence 
of calcium, without additional thrombin. Supernatants ana- 
lyzed by SDS-PAGE revealed the presence of labeled y-y 
dimers. Analysis of the gels by laser densitometry showed a 
progressive increase (0.5% to 14% of total protein per lane) in 
y-y dimer formation with the concentration of a-thrombin 
used to treat the intact U937 cells. Similar results were 
obtained for human alveolar macrophages (data not shown). 


DISCUSSION 


These studies show that macrophages synthesize factor 
XIII A subunit de novo and are a source of factor XIII 
activity. With the U937 cell as a model, biosynthesis of 
factor XIII A occurs in serum-free, platelet-free conditions. 
Furthermore, macrophage stimulation may be accompanied 
by translocation of factor XIII A from within the cytoplasm 
to the cell surface. These findings serve to expand the 
potential repertoire of macrophages in interactions with the 
clotting system and in the remodeling of the extracellular 
matrix that occurs following tissue injury. 

Some previous studies have suggested that tissue transglu- 
taminase is the dominant, if not sole source, of transgluta- 
minase activity in macrophages,” while other studies find 
factor XIII in macrophages."’ One reason for this discrep- 
ancy may be that factor XIII zymogen can only be isolated 
from cells in the presence of EDTA and without reducing 
conditions. Factor XIII is distinct from tissue transglutami- 
nase by virtue of its immunochemistry, dependence on 
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Fig 6. Crosslinking of fibrin by U937 cells and alveolar macro- 
phages. Purified PCMB-fibrinogen or fibrinogen in plasma and 
"*\_fibrinogen were clotted with calcium (6 mmoL/L) and thrombin 
(10 U/mL) under varying conditions. The clots were washed, 
boiled in sample buffer, and analyzed by 10% SDS-PAGE under 
reduced conditions. Lane 1: fibrin control; lane 2: fibrin and purified 
placental factor XIII (20 ug/ mL); lane 4: fibrin and alveolar macro- 
phage cell lysate (8 x 10° cells/mL); lane 5: platelet poor plasma; 
lane 6: 1/10 dilution of platelet poor plasma; lane 7: 1/100 dilution 
of platelet poor plasma; lane 8: factor Xill-deficient plasma and 
U937 cell lysate (1 x 10° /mL). The source of unlabeled fibrinogen 
was PCMB-fibrinogen in sample lanes 1 to 4 and plasma in lanes 5 
to 8. The formation of both y-y dimers and a-polymers was 
observed in the presence of cell extracts without extraneous 
factor XIII. a-Chain proteolysis (/a) was most evident in lanes that 
contained cell extracts. 


= « >53 


thrombin for activation, and its mode of crosslinking fibrin 
and other substances. ™®?” In this study thrombin-depen- 
dent, factor XIII-like activity, assayed in the presence of 
TAME, accounted for ~98% of the transglutaminase activ- 
ity within the U937 cell line. This decrease in non- 
thrombin-related activity in the presence of TAME (from 
10% to >2%) may result from the presence of cathepsin-like 
acid proteases in macrophages, which can activate factor 
XIII in platelets and are inhibitable by TAME (unpublished 
observation, G. Lynch). U937 cells are free of surface 
contamination by platelets. This fact serves effectively to 
exclude platelets as the source of factor XIII in these 
experiments and further supports previous observations that 
factor XIII is present in macrophages.*” 

Factor XIII A antigen was detected on the cell surface 
membrane of macrophages. Most cysteine metalloenzymes 
are located within the cytoplasm of cells, making the pres- 
ence of factor XIII on the surface of macrophages apparently 
unique. Only translocation of factor XIII A appeared to be 
affected by macrophage stimulation; factor XIII A secretion 
was not affected. The expression of cell surface factor XII] A 
was augmented under conditions that favor expression of 
other macrophage-associated clotting proteins. LPS is the 
prime stimulus to the production of procoagulant activity by 
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macrophages.” PMA and IFN-y display a broad array of 
macrophage activating preperties, including promotion of 
cellular attachment and spreading on most surfaces, super- 
oxide release, cytotoxicity for tumor targets, and increased 
expression of macrophage fibronectin receptors.’ Both 
PMA and IFN-y promote an increase in the intracytoplas- 
mic concentration of protein kinase-C. PMA has also been 
shown to produce translocation of intracytoplasmic protein 
kinase-C into the cell surface membrane.” 

Crosslinking of fibrin is a principal role of plasma factor 
XIH in hemostasis. This is an orderly process that proceeds 
stepwise via thrombin and calcium-dependent activation of 
the active site on the factor XIII A subunit and results in the 
formation of y and a-crosslinkages with fibrin. This reaction, 
which occurs readily for fibrin, also takes place at slower 
rates, when fibrinogen is used as substrate, with a-chain 
polymerization being faster than y-chain dimerization.” 
With fibrin as a substrate, y-chain dimers form more rapidly 
than a-polymers. Crosslinking of fibrin renders the clot 
highly insoluble and alters the elastic modulus of the clot.” 
Also, by covalently incorporating œ plasmin inhibitor into 
the clot, factor XII] renders fibrin resistant to plasmin- 
mediated proteolysis.” 

In addition to its role in crosslinking fibrin, factor XIII can 
crosslink several other matrix proteins that are present in 
vivo in the inflamatory reaction. After fibrin, fibronectin 
constitutes the next most abundant protein in the plasma 
clot. Crosslinking of fibrin to fibronectin occurs between the 
aminoterminus of fibronectin and the a-chain of fibrin.” 
Fibronectin can be crosslinked to most types of collagen 
except type IV.” Factor XIII also crosslinks fibrin to von 
Willebrand factor (vWF)* and vWF to collagen.“ Throm- 
bospondin is a substrate for factor XIH crosslinking.” Gel- 
solin has recently been shown to be a substrate for factor 
XIII, and it is also incorporated by crosslinking into plasma 
clots.” 

The potential physiologic consequences of these reactions 
for macrophages are profound. Macrophages bind fibrin and 
fibronectin to their surface and secrete thrombospondin.” 
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They display increased adherence and spreading on sur- 
faces coated with fibrin, fibronectin, and collagens. Mono- 
cytes increase their expression of F, and C3b receptors, 
secrete proteases, interleukin-1, and growth factors following 
adherence to matrix proteins that are substrates for factor 
XSA 

The expression of factor XIII represents a potential mode 
by which macrophages may interact directly with the extra- 
cellular matrix. Macrophages and exudative monocytes are 
likely to provide a local source of factor XHI in inflamed 
tissues. By stabilizing the extravascular clot to plasmin 
digestion, factor XIII may favor the persistence of the fibrin 
network at sites of injury. This clot matrix may provide an 
attachment site for other macrophages, fibroblasts, and 
endothelium during inflammation. Clark and Colvin® and 
Colvin“ have shown that fibrin and fibronectin provide a 
provisional matrix for cell attachment and migration follow- 
ing wounding and prior to the appearance of laminin and 
Type IV collagen. The capacity of factor XIH to crosslink 
fibronectin and vWF to fibrin and to collagens suggests that 
macrophages may play an important role in mediating the 
order of the remodeling process. A role for macrophages in 
wound healing is supported by the observation that healing is 
delayed in their absence.” In addition to suffering from 
hemorrhagic diatheses and spontaneous abortions, ~14% of 
factor X1ll-deficient individuals display defective wound 
healing.“ However, it is not yet known whether inflamma- 
tion or the immune response in these patients is altered or 
whether they are specifically deficient in macrophage- 
related factor XIII. Clearly. further studies are indicated to 
define the role of macrophage-associated factor XIH in 
vivo. 
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Thrombocytopenia Associated With Pregnancy ina Patient With Type IIB 
von Willebrand’s Disease 


By Margaret E. Rick, Sybil B. Williams, Ronald A. Sacher, and Laurie P. McKeown 


Thrombocytopenia may accompany variant (type HIB} von 
Willebrand's disease (vWD) and is thought to result from 
binding of the abnormal von Willebrand factor (vWF) to the 
patient's platelets with subsequent platelet aggregate for- 
mation and clearance. We have studied a patient with type 
HIB vWD who became thrombocytopenic during two preg- 
nancies. During the third trimester of pregnancy, her 
platelet counts dropped to 20,000 to 30,000/uL. and an 
increase in the intermediate-sized vWF multimers was 
seen on agarose gel electrophoresis. During this time her 
piatelet-rich plasma showed spontaneous platelet aggre- 
gation, and her plasma caused spontaneous aggregation of 
normal washed platelets. Antibody to platelet glycoprotein 
ib completely blocked the spontaneous platelet aggrega- 


ON WILLEBRAND'S DISEASE (vWd) is an autoso- 
mally inherited bleeding disorder in which the von 
Willebrand factor (vWf) is quantitatively decreased and/or 
is qualitatively abnormal, leading to defects in platelet- 
subendothelial interaction and in platelet-platelet interac- 
tion.'? Variant types of vWd have been defined by the 
presence of an abnormal multimeric structure of the vWf 
protein and in some types by increased binding of the 
abnormal vWf to platelets when low concentrations of risto- 
cetin are present. These variants are called type H vWd and 
are further categorized: in type IIB, the patient’s plasma 
vWf lacks the largest multimers, while the patient’s platelets 
contain the full spectrum of multimers; additionally, the 
abnormal vWf binds more avidly to platelets in the presence 
of low concentrations of ristocetin and causes platelet agglu- 
tination.** Several patients with type HB vWd have been 
described who have associated thrombocytopenia, postulated 
to be a result of in vivo binding of their abnormal vWf to their 
platelets followed by the spontaneous formation of platelet 
aggregates and clearance.*® 
We have studied a patient with type ITB vWd during two 
pregnancies who is unusual because she became thrombocy- 
topenic only during the pregnancies. Investigation of this 
patients plasma obtained during the third trimester of 
pregnancy when she was thrombocytopenic showed that her 
platelets aggregated spontaneously and that her platelet- 
poor plasma caused aggregation of normal platelets. 
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tion, while antibody to platelet glycoprotein fib/lila did not 
block the response at the concentrations used. Inhibitors 
of platelet function that elevate platelet cyclic AMP also 
blocked the response, but aspirin had no effect on the 
spontaneous platelet aggregation. The patient illustrates 
that the platelet counts in one individual can vary greatly in 
type IIB vWD and that the thrombocytopenia that occurs 
can appear under physiologic conditions that stimulate the 
endogenous production of the patient’s abnormal vWF. 
The mechanisms ieading to spontaneous platelet aggrega- 
tion and thrombocytopenia appear to be similar to those 
described for other patients with type HB vWD. 

® 1987 by Grune & Stratton, Inc. 


increased quantities of intermediate and large-sized vWf 
multimers were also observed on agarose gel electrophoresis 
of her plasma during this time. These phenomena were not 
observed before or after the gestational periods. This patient 
provides insight into the pathophysiology of the thrombocy- 
topenia in type HB vWd; she represents a JIB variant who 
becomes thrombocytopenic only during periods of increased 
production of her abnormal vWf, in this case brought about 
by the physiologic stimulus of pregnancy. It also demon- 
strates that nonthrombocytopenic patients with type HB 
vWd can produce and release larger multimers of vWf and 
that these may cause significant thrombocytopenia. The 
recognition of this syndrome is important because of the 
difficult clinical management problems associated with it. 
This patient had marked blood loss during the delivery of her 
first pregnancy, a stillbirth, and she required Cesarean 
section and the use of both cryoprecipitate and platelets 
during her second delivery; she had excessive blood loss in 
spite of these measures. 


CASE REPORT 


This 33-year-old white female was initially referred to the 
National Institutes of Health in 1981 during the ninth month of her 
pregnancy because of recently discovered thrombocytopenia and a 
life-long history of bruising. She had recurrent epistaxis during both 
chudhooc and adult years, bled with loss of deciduous teeth, and had 
heavy menstrual bleeding. Her father and paternal grandfather also 
had a history of life-long epistaxis and easy bruising. The patient's 
obstetrician had noted thrombocytopenia during the sixth month of 
her pregnancy but referred her to a hematologist only when the 
platelet count was noted to drop to <50,000 during the eighth 
month. A bone marrow aspiration showed normal numbers of 
megakaryocytes, a presumptive diagnosis of idiopathic thrombocy- 
topenic purpura was made, and the patient was placed on predni- 
sone, 60 mg/d when her platelets dropped to 20,000 to 30,000/uL. 
The patient was referred to NIH for further evaluation because of 
the lack of response in her platelet count while on prednisone. 

Physical examination showed fading ecchymoses on all extremi- 
ties and findings compatible with a normal pregnancy in the ninth 
month. The patient’s laboratory data are shown in Fig 1 (12/23/81). 
Spontaneous labor began within one week of the expected date of 
delivery; although no fetal heart sounds were detected on admission 
to her private hospital, a prolonged labor was allowed to proceed 
terminating with the vaginal delivery of a dead fetus on 1/5/82. The 
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Fig 1. Patient's laboratory data; the vWf multimer gels are 
shown on the right with top of gel at left, bottom at right. 


delivery was complicated by hypertension, a third-degree perineal 
laceration and subsequent infection, and marked blood loss requiring 
65 units of blood products, including RBCs, whole blood, platelets, 
and cryoprecipitate. The prednisone was slowly discontinued over 
the next four months, and the patient’s platelets gradually returned 
to normal during that time. 

The patient remained stable with normal platelet counts on 
multiple samples during the next two years (Fig 1). Studies of her 
vWf and factor VIII (VIII:C) were performed, which confirmed the 
diagnosis of type IIB vWd (Fig 1). She became pregnant again in the 
fall of 1984 and had a normal pregnancy except that thrombocytope- 
nia was noted to develop during the second trimester of pregnancy 
and persisted through the third trimester (Fig 1); spontaneous labor 
began on April 14, 1985, and a healthy boy was delivered at 
Georgetown University Hospital by a planned cesarean section. The 
patient was given both cryoprecipitate and platelets prior to and 
following delivery but had increased blood loss of approximately 
1,800 cc. She recovered uneventfully. 


METHODS 


The patient gave informed consent for the studies. Blood was 
obtained by a two-syringe technique using a 19-gauge needle and 
was placed in 1/100 volume of sodium citrate (10.9 moL/L final 
concentration). Platelet-poor plasma was obtained by centrifugation 
at 2,000 g for ten minutes at 4 °C; the plasma was used immediately 
or was frozen in aliquots at — 70 °C. 

Platelet-rich plasma for aggregation studies was obtained by 
centrifugation of citrated whole blood at 750 g for three minutes at 
room temperature; the platelet count was adjusted to 200,000/uL 
with platelet-poor plasma (or less as noted in each experiment when 
the patient was thrombocytopenic; in that case the normal control 
was adjusted to the same platelet count). Platelet aggregation was 
completed within two hours using a Chrono-Log Lumi Aggregom- 
eter (Chrono-Log, Havertown, PA). Baseline values for light trans- 
mission in platelet-rich plasma were adjusted to 5% to 10% on the 
recorder. Agonists for routine platelet aggregation studies included 
epinephrine, 7.5 umoL/L (Parke Davis, Morris Plains, NJ); ADP, 
3.8 wmol/L (Sigma, St. Louis); collagen, 225 umoL/L (Millipore, 
Freehold, NJ); and ristocetin, (Lenau, Copenhagen, Denmark). 
Ristocetin-induced platelet aggregation (RIPA) was tested by add- 
ing ristocetin at final concentrations varying from 0.34 to 2.0 
mg/mL to 400 aL of platelet-rich plasma; a normal control was run 
alternately with the patient sample. 

Spontaneous platelet aggregation was assessed by placing 400 uL 
platelet-rich plasma in an aggregometer cuvette, stirring at 900 rpm 
and following the change in light transmission for 15 minutes; 
control platelet-rich plasma prepared in parallel was alternated with 
the patient's sample during the testing. When antibodies (purified 
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IgG) or inhibitors were used in the platelet aggregation studies, they 
were added to the platelet-rich plasma three minutes before addition 
of the stir bar (except P-PACK, which was added ten minutes 
before). Two monoclonal antibodies (MoAbs) were used, both the 
gift of Dr Barry Coller: 6D1 directed against platelet glycoprotein Ib 
(GP Ib) (9.8 ug/mL final concentration), and 10E5 directed against 
platelet glycoprotein IIb/IIla (GP IIb/IIIa) (1 to 16 wg/mL final 
concentration). The inhibitors included PGI,, 24 ug/mL (Sigma 
Chemical); db cAMP, 9.1 mmoL/L (Sigma); acety! salicylic acid 
(ASA), 0.45 g/mL (Aldrich Chemical, Milwaukee); and D- 
phenylalanyl-L-phenylalanyl-L-arginine chloromethyl ketone (P- 
PACK), 10 moL/L (Calbiochem-Behring, LaJolla, CA), all given 
as final concentrations. 

Mixing studies were performed using platelets that were sepa- 
rated from plasma proteins by arabinogalactan gradient centrifuga- 
tion as previously reported.’ Platelets from a normal subject who had 
not taken medications for two weeks and platelets from the patient 
were prepared simultaneously. In these experiments the separated 
platelets and platelet-poor plasma were mixed in the cuvette to a 
final concentration of 200,000 platelets/uL in a total of 0.4 mL 
volume. Spontaneous platelet aggregation was assessed as noted 
above. In instances where an inhibitor or antibody was added, the 
separated platelets and platelet-poor plasma were placed in the 
cuvette and the inhibitor added immediately and incubated for three 
minutes before stirring and platelet aggregation. 

VIIC, vWf antigen (vWf:Ag) and ristocetin cofactor assays 
were performed as previously reported.*? One unit of activity or 
antigen is that present in | mL of pooled normal plasma for each 
assay. Glyoxyl agarose gel electrophoresis was performed according 
to the method of Hoyer and Shainoff."° 

Bleeding times were performed by the Mielke et al template 
method. '! 


RESULTS 


Coagulation studies. When initially seen during the 
ninth month of her first pregnancy, the patient was thrombo- 
cytopenic and had a prolonged bleeding time of 19 minutes 
(Fig 1). Her factor VIII and vWf values were within the 
normal laboratory ranges (nonpregnant population), but her 
vWf multimer pattern showed a decrease in the largest 
multimers (Fig 1: 12/23/81). After recovery from the 
traumatic delivery and perineal infection, the patient's plate- 
let count rose to the normal range and her factor VIII and 
vWf values fell to abnormal levels; the vWf multimer pattern 
became more distinctly abnormal, with an overall decrease in 
quantity and fewer large forms present (Fig 1; 8/82 to 8/83). 
During her second pregnancy, decreased platelet counts, 
increased factor VII] and vWf values, and vWf multimer 
patterns similar to those seen in the first pregnancy were 
observed (Fig 1; 1/29/85 to 4/14/85); these values returned 
to the patient’s baseline levels within approximately one 
month after delivery. 

Platelet aggregation studies. Routine platelet aggrega- 
tion studies performed when the patient was not pregnant 
and when her platelet count was in the normal range showed 
normal aggregation responses and release of ATP to epi- 
nephrine, ADP, and collagen. Ristocetin-induced platelet 
aggregation revealed that the patient's platelets responded to 
0.34 mg/mL of ristocetin, while control platelet-rich plasma 
required >0.87 mg/mL to elicit an aggregation response 
(Table 1). No spontaneous platelet aggregation was observed 
when the patient was not pregnant. 
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Table 1. RIPA: Initial Slopes of Patient and Control at Varying 
Ristocetin Concentrations 


Ristocetin Patient *Control 

(mg/mi} imm/min} tram /min} 
1.30 40 47 
0.87 31 3 
0.52 14 0 
0.34 8 0 


Platelet-rich plasma from patient and control (200,000/uL} were run 


alternately using the concentrations of ristocetin noted. 

* Average for PRP from six normal subjects: 0.34 mg/mL, 0 mm/min; 
0.5 mg/mL, 4 mm/min; 1.0 mg/mL, 10 mm/min; 2.0 mg/mL, 62 
mm/min. 


Special platelet aggregation studies. Studies performed 
during the third trimester of the patient’s second pregnancy 
demonstrated that the patient’s platelets aggregated sponta- 
neously (Fig 2, panel A). This spontaneous aggregation was 
inhibited by the MoAb to GP Ib; however, the antibody to 
GP Iib/IIla did not inhibit aggregation (Fig 2, panels B and 
C). 

Mixing studies using platelet-poor plasma and platelets 
separated from plasma proteins indicated that the patient’s 
plasma rather than her platelets was responsible for the 
spontaneous platelet aggregation. Patient plasma added to 
normal platelets showed a spontaneous aggregation response 
(Fig 2, panel D), while normal plasma added to patient 
platelets showed no spontaneous aggregation. The aggrega- 
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Fig 2. Spontaneous platelet aggregation: panel A, sponta- 
neous platelet aggregation of patient's platelet-rich plasma with 
normal platelet-rich plasma control; panels B and C, inhibition of 
spontaneous platelet aggregation in patient's platelet-rich plasma 
by anti-GP ib (panel C} and lack of inhibition by anti-GP Ilb/Illa 
(panel B); panel D, spontaneous platelet aggregation of isolated 
normal platelets induced by patient’s plasma. 
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tion response observed with patient plasma and normal 
platelets could be inhibited by the antibody to GP Ib but 
could not be inhibited by the antibody to GP Hb/HIa, 
similar to that seen with patient platelet-rich plasma. 

The addition of various inhibitors to the patient’s platelet- 
rich plasma revealed no inhibitory action of ASA; however, 
PGI, caused disaggregation of an early small aggregation 
response, and the thrombin inhibitor P-PACK abolished the 
spontaneous aggregation. Prostaglandin I, and dibutyryl 
cyclic AMP also inhibited the spontaneous aggregation in 
the mixture of patient plasma and normal platelets (data not 
shown). 

Studies performed four months after the successful termi- 
nation of her second pregnancy showed that the patient no 
longer demonstrated spontaneous platelet aggregation. Ris- 
tocetin-induced platelet aggregation (1.3 mg/mL.) of patient 
platelet-rich plasma was completely abolished by preincuba- 
tion with the anti-GP Ib but not by the anti GP-Hb/iHa, 
similar to that seen with normal platelet-rich plasma. The 
patient, but not the control, aggregated when ristocetin was 
added at a final concentration of 0.87 mg/mL; the anti-GP 
Hb/HTIa abolished this aggregation response. This antibody 
also prevented aggregation of patient platelets when ADP (5, 
10, and 25 ymoL/L) was added. 


DISCUSSION 


Recent studies have indicated that the abnormal vWf of 
patients with type HB vWd binds to the platelet membrane 
receptor GP Ib in the absence of ristocetin. This binding 
apparently stimulates exposure of the platelet membrane 
receptor for fibrinogen, GP IHb/IHa, making it available to 
plasma fibrinogen, which binds and initiates aggregation.” 
The platelet aggregates are then thought to be cleared in vivo 
by normal clearance processes. Although the majority of 
patients with type HB vWd do not have thrombocytopenia, a 
number of patients have been reported with low platelet 
counts.°° Thrombocytopenia has also occurred in type HB 
patients after therapeutic infusion of desmopressin 
(DDAVP), which transiently elevates levels of vWf in the 
circulation, including the largest multimers, making them 
available to bind to platelets." 

The production of an abnormal vWf in our patient was 
physiologically stimulated curing pregnancy, and the levels 
rose into the “norma!” range; larger multimers than had 
been previously noted were also observed. Both the qualita- 
tive and quantitative changes in the abnormal vWf led to 
spontaneous platelet aggregation and thrombocytopenia, 
likely by the mechanism outlined above. Although this same 
phenomenon may occur when the patient is not pregnant, it 
appears that the concentration of abnormal vWf is not 
sufficient to lead to enough platelet aggregation in vivo to 
cause thrombocytopenia. The levels of abnormal vWf and 
the larger multimers in particular are clearly important in 
the clinical manifestation of thrombocytopenia. 

Antibodies to GP Ib completely inhibited the spontaneous 
aggregation in our patient, similar to previous studies.” The 
anti-GP I[b/IIla did not inhibit the aggregation, however. 
Since this concentration of anti-GP Ifb/IIla did prevent the 
exaggerated response to ristocetin (0.87 mg/mL) and pre- 
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vented ADP-induced platelet aggregation four months after 
delivery, there may have been another mechanism (not 
related to GP IIb/IIIa) mediating part of the spontaneous 
platelet aggregation during pregnancy. Alternatively, the 
lack of inhibition by anti-GP Hb/IHHa may be related to the 
quantity of the antibody required to prevent exposure of the 
fibrinogen binding site during pregnancy in this patient 
despite the fact that this quantity of 10E5 has prevented 
spontaneous platelet aggregation in several other (nonpreg- 
nant) type IB patients.” 

The spontaneous platelet aggregation in this patient was 
inhibited by agents that increase platelet levels of cyclic 
AMP (PGI, and db cAMP) but was not inhibited by aspirin, 
indicating that the aggregation is not dependent on prosta- 
glandin metabolism. This pattern of inhibition has been 
observed previously in patients with type HB vWd.’ The 
inhibition by P-PACK suggests that generation of small 
amounts of thrombin may have contributed to the exposure 
of fibrinogen binding sites in this patient; however, hirudin 
did not show any inhibitory effect in this patient’s sponta- 
neous platelet aggregation (data not shown), so the mecha- 
nism of action of P-PACK in this setting is not clear. 

This patient demonstrates that there can be a wide spec- 
trum of platelet counts and variable decreases in the larger 
vWf multimers within one patient with type HB vWD, 
depending on the physiologic conditions. The patient further 
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suggests that the presence or absence of thrombocytopenia is 
related to the level of circulating endogenous larger vWf 
multimers. A family recently reported'* with a normal 
baseline vWf multimer pattern on agarose gels and increased 
RIPA at low concentrations of ristocetin may alse represent 
part of this spectrum. In that family, the addition of low 
concentrations of ristocetin to the patients’ PRP caused 
binding of the largest vWf multimers, resulting in a residual 
type HB multimer pattern. While the molecular defect(s) is 
unknown in type IIB vWd patients and in this family, it 
seems likely that the defect(s) leads to an increased ability of 
the abnormal vWf to bind to GP Ib. 

Clinical evaluation of pregnant patients who present with 
thrombocytopenia should include a careful questioning about 
life-long bleeding problems and any family history of exces- 
sive bleeding; if the history is positive, evaluation of the 
patient’s vWf, including multimer studies, should be carried 
out. The clinical management of pregnancy in patients with 
type IIB vWD requires close clinical and laboratory supervi- 
sion and conservative treatment with cryoprecipitate and 
platelets. 
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Initial Experience in Treating Human Lymphoma With a Chimeric Univalent 
Derivative of Monoclonal Anti-idiotype Antibody 


By T.J. Hamblin, A.R. Cattan, M.J, Glennie, M.R. MacKenzie, F.K. Stevenson, H.F. Watts, and G.T. Stevenson 


Murine monoclonal anti-idiotype antibody was raised 
against the surface IgM on the neoplastic cells of a patient 
with widespread follicular lymphoma. For therapy. a chime- 
ric antibody derivative, FablgG. was constructed by 
thicether-linking Fab’y, from the monoclonal antibody, to 
human normal IgG. FablgG is univalent and thereby avoids 
rapid antigenic modulation. ts human IgG component is 
intended to optimize recruitment of effectors and meta- 
bolic survival while minimizing immunogenicity. Four intra- 
venous (IV) infusions of 380 to 580 mg of anti-idiotype 
FabigG were given over a period of 11 weeks. There was 
no significant toxicity. On each occasion, the antibody 
disappeared from the plasma with a half-life (t'/2) of <24 
hours. The brief survival was evidently due to uptake by 
tumor, as infused control FablgG, containing Fab’y from an 


HE TREATMENT OF lymphoid malignancies with 
antibody has to date yielded quite modest results, with 
most patients showing only partial or transient remissions.’ 
Included in this experience is the use of anti-idiotype anti- 
body (anti-Id) directed against variable regions of tumor 
surface immunoglobulin (1g). The target represents a 
uniquely well-characterized differentiation antigen, of speci- 
ficity so narrow that at present an individual anti-Id must be 
raised for each tumor to be attacked.* Monoclonal technol- 
ogy has improved therapeutic prospects by making anti-Id 
available as a homogeneous reagent in indefinitely large 
quantities but, despite initial promise,’ its inherent antitumor 
effect is unlikely to be better than that of earlier polyclonal 
reagents when given in unmodified form. 

Factors limiting the therapeutic efficacy of anti-Id are by 
no means fully defined.'’ They probably include sparse 
surface Ig, an appreciable secretion of the tumor Ig, idiotypic 
heterogeneity within a tumor, antigenic modulation, the 
failure of antibody to recruit appropriate effectors (the roles 
of complement and the various cellular effectors are poorly 
understood), and induction of an anti-antibody immune 
response. Some of these factors can be taken into account 
when cases suitable for therapy are selected, and some can be 
by designing suitable derivatives of antibody. For example, 
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irrelevant antibody. yielded a plasma t'/, of > 10 days. With 
each therapeutic infusion, there was a fall in the number of 
circulating neoplastic cells over a 24-hour period. The 
numbers were largely replenished over the next week, but 
a net fall became discernible over the entire period of 
treatment. Four days after each infusion, nodal masses 
were swollen and tender, subsiding over ~8 days. At the 
end of the treatments, the blood lymphocyte count and 
nodal and splenic swellings continued to subside, so that by 
6 weeks a partial remission with removal of > 50% of tumor 
was judged to have occurred. We did not detect any 
qualitative change in surface idiotype nor any antibody 
response to the infused ig. 

è 1987 by Grune & Stratton, Inc. 


experience has emphasized the difficulties involved in treat- 
ing with anti-Id those lymphomas secreting appreciable 
idiotypic Ig into extracellular fluid®; we showed in animal 
lymphoma that certain univalent antibody derivatives, which 
avoid antigenic modulation, are therapeutically superior to 
the bivalent parent antibodies.” 

In this article, we present initial data on the therapeutic 
use in humans of an antibody derivative designed to avoid or 
minimize several of the above problems. The derivative is the 
chimeric univalent antibody, FablgG (Fig 1). It consists of 
Fab’y from mouse monoclonal anti-Id, linked by tandem 
thioether bonds to human normal IgG. Preparation and 
preliminary characterization of FabIgG have been 
described." Being univalent, it avoids rapid antigenic modu- 
lation.'*"? The possession of a human Fey region, within the 
IgG moiety, is designed to optimize recruitment of effectors, 
prolong the metabolic half-life (t'4),'* and minimize immu- 
nogenicity.'' The first patient to be treated has undergone a 
partial remission of lymphoma and yielded data supporting 
the above contentions. 


MATERIALS AND METHODS 


Patient. B.R., a white woman, was seen in October 1983 at the 
age of 51 for a lump in the left axilla which on excision biopsy proved 
to be non-Hodgkin's lymphoma (centroblastic/centrocytic, nodu- 
lar). No other lymphadenopathy was detected, but her spleen was 
palpable on inspiration. The blood showed hemoglobin (Hb) 13.3 
g/dL, WBC count was 14.2 x 10’/L, and platelet level was 225 x 
10°/L. The differential count was neutrophils 49%, lymphocytes 
47%, and monocytes 4%; among the lymphocytes, small cleaved cells 
and centroblasts were prominent. Marrow aspirate revealed 
increased numbers of small cleaved lymphocytes, and paratrabecu- 
lar infiltrates of lymphoma were seen on a trephine sample. Serum 
Ig levels were normal. Urinary Ig comprised x 1.3 mg and A 1.9 
mg /24 hours; no clear evidence of a monoclonal component was seen 
on immunofixation of an isoelectric focusing pattern from concen- 
trated urine. A lymphangiogram revealed enlarged nodes with 
abnormal patterns in paraaortic, parailiac, and inguinal regions. 
Studies of lymphocytic surface markers are summarized in Table 1. 
Blood lymphocytes stimulated with phorbol ester and pokeweed 
mitogen (PWM) showed Trisomy-12 on karyotyping. Leukapheresis 
in November 1983 yielded ~16'° lymphocytes after separation over 
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Fig 1. FabigG prepared from the Fab’y fragment of mouse 
monocional anti-idiotype antibody (anti-id) and human normal igG. 
Two thioether bonds link the two components through a phen- 
ylene ring: Attachment to Faby is probably at a hinge ‘/.-cystine as 
shown. Attachment to IgG has a high probability of being at one of 
the interchain '4-cystines, but is not known to show any prefer- 
ence among them. Residual interchain disulfide bonds are indi- 
cated by narrow lines. 


Lymphoprep (Nyegaard, Oslo). These were used for studies in vitro 
and to derive tumor Ig for immunization. 

The patient remained asymptomatic and was observed without 
treatment. In January 1985, examination revealed a splenic edge 4 
cm below the costal margin and enlarged mobile lymph nodes as 
follows: left axilla 2 x 2 cm; left submandibular, two adjacent 
together 4.5 x 2 cm; left inguinal, two groups 4 x 1 and 2 x 2 cm; 
and right inguinal 1 x 1 cm. The leukemic overspill had not 
increased commensurately: WBC count was 11.2 x 10°/L, lympho- 
cytes 69%. 

We decided to see whether the patient’s tumor burden could 
usefully be reduced by antibody before resorting to conventional 
chemotherapy. Informed consent was obtained from the patient, and 
ethical clearance was granted by the East Dorset District Health 
Authority Research and Ethical Committee. 

Marker studies. Blood lymphocytes and dispersed cells from the 
excised lymph node were prepared as described previously. The 
blood was drawn into preservative-free heparin. A portion of lymph 
node was minced and teased in Eagle’s minimal essential medium 
(MEM) containing preservative-free heparin (20 U/mL), and 
rinsed through nylon gauze. Cells from both sources were then 
treated similarly. After separation over Lymphoprep, they were 
washed three times with 2% bovine serum albumin (BSA) in 
phosphate-buffered saline (PBS). Before being stained, they were 
incubated for 60 minutes at 37°C in BSA (2%)-MEM to remove 


Table 1. Lymphocytic Surface Markers 











Percentages of Positive Cells 
Nodal Biopsy Biood 
Reagent Marker {Dispersed Celis} Lymphocytes 
Sheep RBCs CD2 20 11 
Monoclonal antibodies 
UCHT1 CD3 25 15 
RFA1 CD5 ND 80 
J5 CD10 ND 0 
FMC4 HLA-DR(f) ND 36 
FMC7 CD22 ND 3 
u chain 66 71 
Polyclonal ô chain 30 10 
purified anti-lg x chain 0 2 
A chain 74 &5 
ND, not done. 
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extrinsic Ig bound to Fe receptors. Sources of monoclonal antibodies 
were as follows: UCHT!, University College Hospital, London: 
RFAI, Royal Free Hospital, London; J5, Coulter Electronics, 
Luton, England; FMC4 and FMC7, SeraLab, Crawley Down, 
Sussex, England. Rabbit polyclonal anti-Ig reagents were visualized 
by direct immunofluorescence, UCHT! and FMC4 by immuno- 
peroxidase technique, and the other monoclonal antibodies by indi- 
rect immunofluorescence. Percentages of cells forming rosettes with 
sheep erythrocytes were determined as described previously.” 

Ig for immunization. \diotypic IgM as a source of immunogen 
was “rescued” for secretion in culture by fusing the patient's Uimor 
cells with the mouse myeloma line 653. This technique yields a 
xenohybridoma that secretes Ig derived from the human tumor.’ 
For fusion, disaggregated cells from the patient and myeloma cells 
were mixed at a ratio of 2:1 in polyethylene glycol (PEG) 4000 
(Merck-Schuchardt, Munich), washed in Dulbecco’s MEM 
(DMEM) (GIBCO). Then, while still clumped from fusion, the cells 
were incubated at 37 °C for 2 to 4 hours in the DMEM containing 
20% fetal calf serum (FCS); 2 mmol/L of L-glutamine; | mmol/L of 
sodium pyruvate, penicillin, and streptomycin both at 100 [U/mL 
and HAT (10°* mol/L of hypoxanthine, 4 x 10°’ mol/L of 
aminopterin, and 1.6 x 10°* mol/L of thymidine). Finally, the cells 
were suspended and distributed into wells of a 96-well microcuiture 
plate (GIBCO, Paisley, Scotland), at ~2 x 10° patient cells per well 
on a feeder layer of washed mouse blood cells. Colonies were 
screened by enzyme-linked immunosorbent assay (ELISA) for 
production of human IgM. Positive colonies were cloned at regular 
intervals by limiting dilution to guard against spontaneous loss of Ig 
chain production. 

Monoclonal anti-Id. Xenohybridoma culture supernatant con- 
taining rescued idiotypic IgM was used as a source of immunogen for 
the immunization of Balb/c mice (Avonvale, Ashley Heath, 
England). The idiotypic 19S IgM was given in the form of purified 
immune complexes formed using mouse anti-human Fabs serum by 
the method we described previously for the production of sheep 
polyclonal anti-Id serum.” Each animal received complexes contain- 
ing 10 to 50 yg idiotypic IgM in 0.2 mL of complete Freund's 
adjuvant (CFA, Difco), distributed among four subcutaneous (SC) 
sites along the back. Two weeks later, animals were boosted by 
intravenous (IV) injection of a similar antigen dose in 0.2 mL of 
aqueous medium. Immune splenic lymphocytes were prepared 3 to 4 
days later for fusion with the mouse myeloma line 653 by the method 
described for rescue of idiotypic IgM. Supernatants from the 
resulting hybridoma cells were assessed for reactivity with idiotypic 
IgM and normal human IgM by double-determinant ELISA. 
Those showing strong reactivity with the former but none with the 
latter were assessed further for reaction with the patient's tumor 
cells by indirect immunofluorescence, both with and without pooled 
normal human serum." (Reactivity not blocked by the normal serum 
can only be directed against highly private idiotypic determinants.*) 

Suitable anti-ld—producing cells were cloned by limiting dilution 
and then expanded for large-scale antibody production in pristane- 
primed Balb/c x CBA F1 mice. Antibody IgG was prepared from 
ascitic fluid by sequential precipitation with 2 mol/L of (NH,),50, 
and chromatography on Trisacryl-M-diethylaminoethanol (DEAE) 
(LKB-Produkter, Bromma, Sweden). The DEAE column was equil- 
ibrated in 5 mmol/L of sodium phosphate, pH 8.0, and the IgG was 
eluted using a linear gradient of $ to 50 mmol/L of sodium 
phosphate at constant pH. For all therapy and analytical procedures 
described in this article, two [gGi antibodies were pooled: number 
BSGI (5.5 g) and A4E2 (1.6 g). Both yielded good immunofluores- 
cence with the patient’s cells in the presence of normal human 
serum, and neither gave any reaction with normal blood lymphocytes 
or with neoplastic B lymphocytes from three other patients. By flow 
cytometry, with one antibody fluoresceinated and the other not, they 
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revealed strong cross-inhibition. “Anti-Id lgG1” henceforth refers to 
this pool of two antibodies. 

F(ab’y), was prepared from the pooled IgG! preparation by 
digestion with papain under standard conditions’®: IgG1 20 mg/mL, 
papain 0.2 mg/mL in 0.1 mol/L of acetate buffer of pH 4.2, 
incubated at 37°C for 18 hours, followed by chromatography on 
Sephacryl $300 (Pharmacia, Uppsala, Sweden) equilibrated in 0.1 
mol/L of Tris HCI, pH 8.0. 

Preparation of FablgG. The preparation of FablgG has been 
described in detail.’’ F(ab’y), from antibody is reduced with 2- 
mercaptoethanol under the minimal conditions, giving a high yield of 
monomeric Faby, Next, the liberated SH groups are allowed to 
react with a surplus of o-phenylenedimaleimide to give Faby 
bearing a small number of active maleimide groups attached 
predominantly to its hinge region. The Fab’y then reacts with human 
normal IgG that has previously been reduced with a limiting amount 
of dithiothreitol to give an average of <3.0 SH groups per molecule. 
The two reactants are mixed in a molar ratio of Fab’y:igG = 1:2 and 
incubated at 5 °C for 24 hours. The FablgG is then separated from 
larger products and from residual reactants by recycling chromatog- 
raphy through Sephacryl $300 (Pharmacia) equilibrated with PBS. 
Typically, ~600 mg of FablgG is collected from the column system 
in ~1,100 mL. Some surplus normal IgG contaminates the tail of the 
FablgG zone, but this is regarded as of no consequence for thera- 
peutic purposes. The yield of Fab’y in the chimeric antibody was 
usually ~40% of that used in the synthesis. 

Infusion of antibodies. The procedure for infusion of antibodies 
was essentially the same for both IgG and FablgG. Any aggregated 
protein was removed from the preparations by passage through 
Sephacryl S300 and was equilibrated with sterile, pyrogen-free, 
PBS. For FabigG, this corresponded with the purification procedure 
described previously. From the S300, the final antibody-containing 
effluent was led through a polymyxin column” to remove any 
pyrogens, and then through a 0.22-um filter (Millipore, Harrow, 
England) directly into a sterile IV giving set. Aliquots from the 
giving set were tested for pyrogens by the limulus amebocyte method 
(Pyrogent test, Mallinckrodt, Round Spinney, Northants, England) 
and always proved negative. 

Twenty-four hours before the infusion was started, allopurinol 300 
mg daily was started. At this time also, a serum sample was 
examined by micro-Ouchterlony technique for precipitins to mouse 
Ig, the method being capable of detecting antibody at <10 ug/mL. 
One hour before the infusion, a cutaneous prick test was performed 
to test for immediate hypersensitivity to the antibody. 

Infusions, consisting of 200 mg of anti-Id IgG1 or 380 to 580 mg 
of anti-Id FabIgG, were given in a volume of 600 to 1,200 mL over 6 
hours. The infusions of FablgG were accompanied by up to 300 mg 
of human normal IgG, representing incompletely separated surplus 
reactant. A close watch was kept on temperature, pulse, and 
respiration. 

Microassays. Our general procedure for ELISA has been 
described.” For measurement of either FablgG or mouse IgG in the 
patient’s serum, the plate was coated with affinity-purified rabbit 
anti-mouse IgG at 5 ug/mL; this antibody had previously been 
absorbed with human Ig. The standard antigen was FablgG or 
mouse IgG, corresponding to the unknown, used at starting concen- 
trations of 200 and 20 ng/mL, respectively. Detection of bound 
antigen used the same rabbit anti-mouse IgG, conjugated to horse- 
radish peroxidase and used at a dilution of 1:500. 

To assay the patient’s serum for the presence of idiotype-positive 
IgM, the ELISA plate was coated with monoclonal anti-Id using a 
solution at 5 ng/mL; the standard antigen was the supernatant of the 
IgM-secreting rescue hybridoma, and the detecting antibody was 
affinity-purified goat anti-human yu chain conjugated to horseradish 
peroxidase (1:1000) used with normal mouse serum (1:500). 
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Assessment of antibody in vitro. Tests for antibody-mediated 
complement lysis and for antibody-dependent cellular cytotoxicity 
(ADCC) were carried out by standard methods as previously 
described.” Distribution of surface antigen-antibody complexes was 
visualized by indirect immunofluorescence,’? with flow cytofluorim- 
etry carried out on the Becton Dickinson FACS HI system. 


RESULTS 


Studies on tumor cells in vitro. Markers found on nodal 
and blocd lymphocytes are summarized in Table |. The 
surface Ig (IgMA, with IgDÀ just detectable on a minority of 
cells) was at a low level on all cells, being about equal to the 
average density observed in cases of chronic lymphocytic 
leukemia (CLL). About half the cells showed detectable 
class [I histocompatibility antigen, whereas all stained for 
CDS5, a pan-T marker that also appears on most cases of CLL 
and on some B cell lymphomas: in our experience, these 
findings are unexceptional for this type of lymphoma. 

A sample of blood lymphocytes prepared in February 1984 
appeared from marker studies to consist of at least 80% 
tumor cells. When the cells were cultured for 6.5 hours in 
vitro, they secreted Ig as follows™: x chain 1500 and A chain 
6,400 dimeric molecules per cell per hour and IgM 130 
monomeric molecules per cell per hour. This represented 
minimal IgM secretion by the tumor, and led to the expecta- 
tion, confirmed later, that only a small barrier of idiotypic Ig 
existed in the patient’s plasma. 

As we observed earlier? with tumor cells having sparse 
surface ig, no anti-Ig antibody tried would invoke comple- 
ment lysis, using either human AB or rabbit serum as a 
source of complement. The antibodies tried included the 
monoclonal anti-Id, the FablgG prepared from it, sheep 
polyclonal anti-Fdu, and sheep polyclonal anti-A. Neither 
would any of these antibodies invoke ADCC in the presence 
of human normal blood lymphocytes at an effector to target 
ratio of 50. 





Fig 2. Modulation of blood lymphocytes in vitro by igG1 and 
FabigG anti-idiotype antibody (anti-id} shown by cytofluorimetry of 
indirect mmmunofluorescence. x-axis, fluorescence (linear scale 
set at half-maximum gain); y-axis, cell number. Indicator antibod- 
ies: for IgG, fluoresceinated rabbit anti-mouse IgG; for FabigG, 
fluoresceinated rabbit anti-human Fey. Control (0 °C): cells 
{1.5 x 10’/mL) and antibody (igG1 100 g/mL, FabigG 250 ug/ 
mL) were incubated at 0 °C for 30 min; indicator antibody was then 
added, and the suspension was maintained chilled during examina- 
tion. Test (37 °C): celis and antibody were incubated at 37 °C for 30 
min; they were then chillded, and indicator antibody was added. 
FablgG at 37 °C induced only a minimal change in profile. Peaks 
nearest the y-axis are antigen negatwe. 
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Modulation, in the sense of clearing of antigen-antibody 
complexes from the tumor cell surfaces, occurred sluggishly 
in vitro in the presence of monoclonal anti-Id at 37 °C: after 
30 minutes, possibly 50% of the integrated fluorescence seen 
on flow cytofluorimetry had disappeared. Modulation by 
FablgG over the same period was slight or undetectable (Fig 
2), whereas modulation by its Fab’y component alone was 
never observed. 

Infusion of anti-id IgG1. An infusion of 200 mg over 6 
hours was tolerated without any symptoms. Changes seen in 
the blood lymphocyte count are shown in Table 2. The lowest 
count recorded occurred in midinfusion; from this point, the 
count rose steadily to its former level over | week. The tumor 
masses did not change. This is very similar to what we have 
seen previously with infusions of polyclonal anti-Id°° and to 
what has been recorded for therapy with a variety of mono- 
clonal antibodies.’ 

Infusions of FabIgG. The clinical effects of each of four 
infusions were very similar. No symptoms were noted during 
the infusions. Beginning 6 hours after completion and con- 
tinuing for 24 hours, the patient suffered nasal congestion, 
edema of the eyelids, mild pyrexia (37.5 °C), and mild 
abdominal pain. Four days after completion of infusion, 
lymph nodes in all areas were swollen, reaching about twice 
their previous size, remaining enlarged for 5 to 8 days, and 
then subsiding. There were no corresponding changes in 
splenic size. 

Lymphocyte counts at midinfusion showed falls similar to 
that observed with IgG? antibody (Table 2). The postinfu- 
sion nadir did not occur immediately after the infusion, 
however, but ~I day later. From this point, the count again 
rose slowly, with the troughs more prolonged than after the 
IgG 1 infusion. 

A rise in C3c concentration in serum was evidence of 
complement activation. Thus, 7 hours after the second 
FablgG infusion was started, crossed immunoelectrophoresis 
gave a strong peak for C3c. This was maximal at 24 hours 
and subsiding at 48 and 72 hours. 

Following the third FablgG infusion, with the associated 
nodal swelling and subsidence, a marked net diminution in 
the size of palpable tumor was obvious. Physical examination 
showed that the cervical masses had shrunk to s50% of their 
initial volume and that the splenic edge had retreated to the 
costal margin. In the 11 weeks following the fourth FabigG 
infusion, the tumor masses either remained stationary or 
subsided further, whereas the blood lymphocyte count dimin- 
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Fig 3. Serial lymphocyte counts related to antibody infusions. 
Day 1 is the day of IgG1 infusion (January 15, 1985). 


ished to 3.1 x 10°/L, ~40% of the pretreatment level 
(Fig 3). 

In the ensuing 4 months, the patient remained well, with 
tumor masses unchanged and hemoglobin and granulocyte 
levels well maintained. The lymphocyte count, remarkably, 
dropped even more, to 2.4 x 10’/L. Of these cells, > 80% 
were idiotype-positive and only 7% were scored as T cells. On 
the tumor cells, the surface Ig appeared to be at about its 
original density, and reaction with the monoclonal anti-Id 
was undiminished. At no time during or after antibody 
treatment could antibody to mouse Ig be detected in the 
patient’s plasma. 

Plasma idiotype and antibody levels. Throughout the 
period of treatment, the plasma idiotypic IgM was at 0.9 to 
1.4 ug/mL, except during the immediate postinfusion peri- 
ods when, with free antibody in the plasma, the concentra- 
tion fell to <0.3 ug/mL. These levels are much lower than 
those we have found in most B cell neoplasms.” 

After all antibody infusions, both IgGl and FablgG, the 
antibody (assayed as mouse Fab’y) disappeared from the 
plasma with a U4 of <24 hours. In the later FablgG 
infusions, this was regarded with disappointment, as calcula- 
tions had suggested that the antibody should have been 
sufficient to swamp both the extracellular and the cell 
surface idiotypic IgM. We believed it was important to 
confirm that the FablgG was being consumed rapidly 
because of its antibody activity and not because of some 
unexpected metabolic fate such as scavenging by macro- 
phages. The patient therefore consented to a control infusion 


Table 2. Lymphocyte Counts Following Antibody infusions 





Counts (10°/L} at Times Related to Starting Infusions 





Antibody Day of a AR E aA aia relies 
Preparation infusion -ib 3 h* 7h 1 day 2 days 3 days 6-8 days 
igG1 
200 mg 1 7.8 2.5 3.9 4.1 6.0 5.8 7.3 
FabigG 
480 mg 15 6.4 2.5 5.7 2.8 3.7 6.5 
380 mg 50 7.9 3.5 7.7 1.2 2.9 4.1 5.6 
450 mg 64 7.0 1.4 5.4 2.9 3.8 4.3 5.7 
580 mg 92 5.3 2.2 4.3 2.7 2.6 2.8 5.4 


an r aa aeaaaee 


*At midpoint of infusion. 
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of FablgG in which the Fab’y moiety had anti-Id activity 
against guinea pig L,C cells and no activity against either her 
tumor cells or normal human lymphocytes; the IgG moiety 
was again normal human. Two weeks after the fourth 
therapeutic lot of FablgG, the patient received a 6-hour 
infusion of 150 mg of the control material. There were no 
symptoms and no significant changes in lymphocyte counts, 
Plasma levels of mouse Faby estimated for 1 week after the 
infusion revealed a t'⁄ > 10 days (Fig 4), comparable with the 
value of ~20 days expected for human normal IgG.” 

Qualitative studies of tumor cells. Reports on blood 
films from the hematology laboratory always indicated an 
increase in “smear” cells among the lymphocyte populations 
in immediate postinfusion periods: for example, these cells 
usually represented 10% to 15% of lymphocytes before an 
infusion but were reported at 50% 24 hours after the IgGl 
antibody and at 43% 24 hours after the first lot of FablgG 
antibody. 

Observations of bound antibody and of modulation of 
surface antigen-antibody complexes were rendered difficult 
by the sparseness of surface Ig. Immediately after the 1gG] 
infusion immunofluorescence detected a diminution in the 
surface Ig; this was attributed to modulation. More surpris- 
ingly, flow cytofluorimetry revealed similar decreases in 
surface Ig after infusions of FablgG. In Fig 5, the distribu- 
tions of surface Ig on blood lymphocytes are shown at times 
related to the first FablgG infusion. At 7 hours, | hour after 
the end of the infusion, all three anti-Ig antibodies used 
revealed diminished reactivity. At 24 hours, the profiles were 
essentially unchanged. At 3 days, the reactivities were still 
not completely restored, especially with anti-Id. Very similar 
appearances occurred after the ensuing three FablgG infu- 
sions. 

The diminution in detectable surface Ig may have been 
due to blocking of indicater antibodies by therapeutic anti- 
body, to modulation, or to preferential removal by thera- 
peutic antibody of cells with higher than average densities of 
surface Ig. We believe that modulation is probably the major 
cause, although patching and internalization could not be 
judged confidently by fluorescence microscopy. Residual 
therapeutic antibody could not have had a significant block- 
ing role, as none could be detected on the cells by fluorescein- 
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Fig 4. Rates of disappearance of antibody and control FabigG 
from the patient's plasma. The antibody was the fourth infusion of 
anti-idiotype antibody (anti-ld) FabigG. The first samples assayed 
were taken 1 hour after a 6-hour infusion. 
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Fig 5. Surface ig on blood lymphocytes before and after the 
first infusion of anti-idiotype antibody (anti-Id} FabigG, demon- 
strated by flow cytofluorimetry. Axes: horizontal, degree of fluo- 
rescence; vertical, cell number. Idictypic, u and À determinants 
were examined separately and are shown in separate columns. 
idiotype was revealed by indirect immunofiuorescence with anti-ld 
igG1 as first antibody and fluoresceinated rabbit anti-mouse IgG as 
second antibody: u and A chains were revealed by direct fluores- 
cence using affinity-purified rabbit antibodies. Time O is the 
beginning of the 6-hour infusion. Antigen-negative cells form a 
left-hand peak in the patterns at —1 hour and 3 days, but merge 
with the ig-bearing peak in the 7-hour patterns. 





ated anti-human Fey. Finally, the diminution in lymphocyte 
count at 7 hours, even if highly selective, does not seem 
sufficient in itself to have yielded so pronounced a change in 
surface ig profiles. At no stage related to any of the infusions 
was the complement component C3 detected on blood lym- 
phocytes by immunofluorescence. 

Needle aspirates of cervical tumor masses were taken 14 
days after the first FablgG infusion as the masses were 
subsiding, and 2 days after the third FablgG infusion before 
any infusion-related changes in size occurred. In the first 
aspirate. cytospin preparations revealed 74% tumor cells 
(A-bearing) and 23% T cells (CD3-bearing). In the second 
aspirate, these figures were 69% and 21%, respectively; the 
tumor cells were predominantly large and atypical, many 
with one to three nucleoli. In neither preparation could the 
infused antibody be detected on cell surfaces. 


DISCUSSION 


No conclusions about the therapeutic efficacy of FableG 
are drawn from this case except that the derivative is at least 
capable under certain conditions of reducing tumor load. 
Non-Hodgkin's lymphoma is notorious for waxing and wan- 
ing without obvious cause or following an apparently irrele- 
vant event such as intercurrent infection.”*”* In the present 
case, there ts no obvious reason for the reduced amount of 
tumor having apparently stabilized after termination of the 
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infusions, with indeed an actual further reduction in the 
number of circulating neoplastic cells. Clearly, one must 
bear in mind the possibility that antibody treatment of 
lymphoma may not only be cytotoxic, but may also trigger 
poorly understood immunoregulatory pathways.” 

Because of overall disappointing results in antibody ther- 
apy in lymphoma,'*’ some modification of the approach 
appears indicated. Apart from the mere addition of antibody 
to existing drug schedules, two main lines of development are 
being considered. One is the use of antibody as a vector to 
deliver a more lethal agent (radioisotope, tumoricidal drug, 
plant or bacterial toxin) to the cell. The other, adopted here, 
attempts to make better use of the cytotoxic effector mecha- 
nism normally recruited by antibody. The best known of 
these mechanisms are complement, phagocytes, and K cells. 
Unfortunately, we have no clear indications of their relative 
importance in dealing with antibody-coated lymphoma 
cells? We can assert, however, that a major advantage of 
relying on any of these mechanisms is that they contain an 
inbuilt safety factor in addition to the specificity of antibody: 
to activate any of the effectors, antibody must form a 
sufficient array on the cell surface, oriented with its Fe zones 
outward. Weak cross-reactions of the antibody with normal 
cells or the uptake of antigen-antibody complexes by 
bystander cells are unlikely to be harmful. 

Univalent derivatives of antibody which retain intact Fc 
zones are superior to their bivalent parent antibodies in 
invoking killing of mammalian cell targets by natural effec- 
tor mechanisms.” ''?’ Their superiority derives from their 
avoidance of rapid antigenic modulation, which can afford 
significant protection to a cell confronted simultaneously by 
bivalent antibody and an effector such as complement.'*”* 
The chimeric univalent antibodies FabFc’® and FablgG (Fig 
1) are developments of the univalent concept, presenting 
additional advantages from the possession of a human Fey 
zone. Such derivatives clearly are potentially varied and— 
especially if one includes molecular genetic and hybridoma 
technologies——-might be constructed in a large variety of 
ways. 

With the target cells of this study, neither FablgG nor the 
parent IgG! antibody appeared to activate complement or 
ADCC in vitro. We suspect that the failure of FablgG is due 
to the sparseness of surface antigen.” Against different target 
cells, chimeric univalent antibodies, including FablgG, have 
clearly demonstrated their abilities to activate both the 
effector systems.''7”° 

Despite their lack of cytotoxic activity in vitro, both IgG! 
and FablgG antibodies reduced the numbers of circulating 
neoplastic cells after infusion. If each drop in lymphocyte 
count reflects cell death, the effector mechanisms must be 
more useful in vivo than is suggested by performance in vitro. 
But could the drop be due more to temporary sequestration 
than to death of the cells? Attempts to answer this have been 
made in earlier studies’? by infusing antibody after 
indium-labeling of the blood lymphocytes. The results sug- 
gested cell death as the main mechanism because labeled 
cells disappearing on antibody infusion did not subsequently 
reappear in the blood in quantity. In the present work, the 
simple observation of a marked increase in smear cells 
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suggests a range of damage compatible with extensive cell 
death. 

We are not aware of any previous report of tumor becom- 
ing swollen and tender in response to antibody therapy in the 
manner shown by the nodal masses in our patient. Because it 
occurred only with FablgG infusions, and because the 
FablgG but not the IgGI antibody activates complement, it 
is tempting to regard this inflammation as complement- 
induced. The delay in onset for several days after each 
infusion is then difficult to explain, however. Examination of 
nodal aspirates did not help: in particular, granulocytes 
evidently were not recruited by complement peptides. Unfor- 
tunately, our patient was unwilling to undergo an excision 
biopsy that might have revealed more useful information. 
Garcia and colleagues? recently described the lymphoid 
histology in ten patients treated with monoclonal anti-Id, 
with evidence that clinical remission is more likely the 
greater the number of infiltrating T cells and the greater the 
incidence of CD4 (helper), CD25 (TAC), and Leu-7 (NK) 
positivity among them. 

The mild symptoms suffered by the patient ~6 hours after 
each FabIgG infusion were possibly due to complement 
anaphylatoxins and/or to interleukin-! from stimulated 
macrophages. 

The modulation of surface Ig which appeared to be 
induced by FablgG in vivo exceeded anything inducible by 
the same derivative in vitro. Evidence shows for the mouse la 
system that antibodies that do not modulate in vitro can do so 
in vivo.“ Monocytes in the capacity of bystander cells have 
clearly promoted or even induced modulation of antibody on 
target cells,” raising the possibility that enhanced modula- 
tion in vivo in the present case was due to interaction of the 
bound FabIgG with FCy-receptors on various cells. 

Although the modulation by bivalent and univalent anti- 
bodies in vivo appeared similar, the time course cannot be 
followed with the same precision as is possible in vitro. The 
speed with which bivalent anti-Ig can induce modulation in 
vitro is sufficient to provide significant protection to a cell 
exposed simultaneously to antibody and complement.” 
Neither we nor others observed such rapid modulation by 
univalent antibody. >" It therefore remains entirely possible 
that the modulation induced by univalent antibody in vivo is 
slower, and hence less protective, than that induced by 
bivalent antibody. 

At the time of the fourth FabigG infusion, the total! 
idiotypic IgM harbored by the patient was estimated crudely 
at <50 mg based on a plasma level of 1 mg/mL, an 
extravascular fluid load equal to the intravascular fluid load, 
a tumor burden <2 x 10" cells, 20,000 molecules of 
monomer per cell surface, and an intracellular pool of the 
same size. The rate at which the infused antibody disap- 
peared, in contrast to nonantibody FablgG (Fig 4) indicates 
that our calculation was a gross underestimate. (Another 
explanation for the much briefer survival of the antibody 
FablgG is that the patient herself was mounting an anti-Id 
response against the antibody. No increase in blocking 
activity was present in her plasma to support this sugges- 
tion.) Possibly, the large spleen contained unsuspected quan- 
tities of idiotypic Ig, although findings by Meeker and 
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co-workers’ on two similar patients subjected to splenectomy 
do not support this notion. It can be expected that saturation 
of antigenic sites would leave surplus antibody FablgG 
with t'4 comparable to that of the control. With such a 
metabolic survival, the FablgG would represent quite an 
economic means of using antibody to provide a prolonged 
attack on the tumor. 

No anti-mouse Ig response has been observed in this 
patient. In animals, FablgG containing homologous IgG but 
xenogeneic Fab elicits a much lower antibody response than 
does the corresponding xenogeneic [gG.'' Therefore, there 
are grounds for hoping that avoidance of xenogeneic Fey will 
reduce the problem of anti-Ig responses by the patient 
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following therapy with monoclonal antibody. The idiotypic 
and mouse Fdy determinants on FablgG remain potential 
immunological targets. We shall continue to observe this 
patient closely. Our present intention is to reinstitute anti- 
body treatment when the neoplasm appears to be expanding 
again. 
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Plasminogen Activator Inhibitor: A Regulator of Ancrod-Induced 
Fibrin Deposition in Rabbits 


By Chitra Krishnamurti, Charles F. Barr, M. Alycia Hassett, G. David Young, and Barbara M. Alving 


Plasma levels of a fast-acting plasminogen activator inhibi- 
tor (PAI). which neutralizes both tissue plasminogen acti- 
vator (t-PA) and urokinase, are markedly increased in 
endotoxin-treated rabbits. The ability of this inhibitor to 
prevent the fibrinolysis that occurs after a thrombogenic 
stimulus was investigated in a rabbit model. Normal and 
endotoxin-treated male New Zealand rabbits were infused 
with ancrod, an enzyme that causes noncrosslinked fibrin 
formation in vivo. Ancrod stimulated t-PA activity by 90% 
in normal rabbits and caused hypofibrinogenemia but did 
not increase PAI levels or induce fibrin deposition in target 
organs. Rabbits injected with endotoxin (10 g/kg) 


WO CRITICAL FACTORS in the regulation of fibri- 
nolysis in vivo are the functional levels of tissue-type 
plasminogen activator (t-PA) and plasminogen activator 
inhibitor (PAI), both of which are identical to those pro- 
duced by endothelial cells.’ PAI, a 50,000-mol-wt protein, 
has an apparent half-life (t\4) of 7? minutes when measured in 
the rabbit circulation* and is the major inhibitor of t-PA and 
urokinase in both humans’ and rabbits.*® Elevated levels of 
PAI have been found in plasma from patients who have had 
venous thromboses,”* gram-negative sepsis,*? and many 
other conditions predisposing to fibrin clot formation.”® 

Colucci and co-workers* demonstrated that infusion of 
endotoxin into rabbits increases PAI levels in a dose- 
dependent manner; they postulated that high levels of this 
inhibitor may have a physiologic role in the coagulopathy 
associated with endotoxemia. Although other investigators 
showed that infusion of soluble fibrin into endotoxin-treated 
rabbits results in renal microclot formation, © whether the 
apparent Inhibition of fibrinolysis by endotoxin is mediated 
through its ability to increase levels of circulating PAI is not 
known. 

The present study used endotoxin-treated rabbits to deter- 
mine if elevated PAI levels could inhibit the fibrinolysis that 
occurs after infusion of ancrod, an enzyme that induces 
non-crosslinked fibrin clots by cleaving fibrinopeptides A, 
AP, and AY." Ancrod causes hypofibrinogenemia and 
elevated titers of fibrinogen-fibrin degradation products 
(FDP-fdp) when infused slowly into rabbits and humans.'*'° 

This study demonstrates that ancrod does not cause fibrin 
deposition in normal rabbits, presumably because of the 
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showed an increase in PAI from <1 to 32 U/mL 4 hours 
later. When ancrod was infused at this time, 90% of the 
rabbits developed renal fibrin thrombi. Fibrin deposition 
was recorded in 40% of the rabbits that received a lower 
dose of endotoxin (1.0 ug/kg) and had a PAI level of 14 
U/ml at the time of ancrod infusion 4 hours later. Fibrin 
deposition did not occur in the endotoxin-treated rabbits 
that received normal saline. These data suggest that high 
levels of PAI inhibit fibrinolysis in vivo, thereby promoting 
fibrin clot deposition following a thrombogenic stimulus. 
This is a US Government work. There are no restrictions 
on its use. 


fibrinolysis that occurs in response to its initial coagulant 
action. Ancrod can, however, induce fibrin deposition in 
animals that have elevated levels of PAT. The data indicate 
that PAI may promote fibrin formation by preventing the 
endogenous fibrinolysis that occurs after a thrombogenic 
stimulus. 


MATERIALS AND METHODS 


Materiais. Purified two-chain human t-PA was purchased from 
American Diagnostica, Greenwich, CT. The specific activity was 
100,000 U/mg, as determined with an international urokinase 
standard; the data in this article are expressed in terms of this 
standard. Hf this preparation of t-PA were calibrated against the 
International Reference Preparation for t-PA,” the specific activity 
would be ~ 500,000 IU/mg."* Urokinase (specific activity, 100,000 
U/mg) was purchased from Abbott Laboratories, North Chicago. 
Human fibrinogen and Cohn fraction HH paste were obtained from 
Cutter Laboratories, Berkeley, CA. Plasminogen was purified from 
the paste by affinity chromatography” on lysine-Sepharose (Phar- 
macia Fine Chemicals, Uppsala, Sweden); the specific activity was 
20 CTA U/mg. Human thrombin (H-2) and human plasmin (7.3 
U/mg) were supplied by the Office of Biologics, Bethesda, MD. The 
synthetic substrate D-Val-Leu-Lys-pNA (S-2251} was purchased 
from Kabi Diagnostica, Stockholm. Ancrod, an enzyme derived 
from the Malayan pit viper, was the generous gift of Knoll Pharma- 
ceutical, Whippany, NJ, and endotoxin (Escherichia coli 0111-B4) 
was purchased from Difco Laboratories, Detroit. 

Animal experiments. Male New Zealand white rabbits weigh- 
ing between 2.3 and 3.5 kg were received from a single supplier at 
least 1 week before use and were given standard laboratory food and 
water ad libitum. Endotoxin was infused into a marginal ear vein 
during 5 minutes in a total volume of 3 mL of norma! saline at a dose 
of 1.0 or 10.0 ug/kg. Ancrod (2 U/kg) was administered by an 
infusion pump in a total volume of 20 mL of normal saline into a 
marginal ear vein during | hour. The vasopressin analogue l- 
desamino-8-D-arginine vasopressin (DDAVP, Armour Pharmaceu- 
tical, Kankakee, IL) was infused into a marginal ear vein during 10 
minutes at a dose of 0.4 ug/kg in 10 mL. of normal saline. Blood 
samples (0.9 mL) were collected from the uninfused marginal ear 
vein into polypropylene tubes that contained 0.) mL of 2% EDTA 
and immediately centrifuged for 1 minute at 22 °C in an Eppendorf 
centrifuge 3200 (Brinkman Instruments, Westbury, NY). The 
plasma was immediately separated fram the RBCs, and aliquots 
were stored at ~70 °C or acidified in preparation for measurement 
of plasminogen activator. 

Assay of plasminogen activator activity. Assay for plasminogen 
activator activity was performed according to the method of Wiman 
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and colleagues.” Plasma was acidified with an equal volume of 1.0 
mol/L of sodium acetate pH 3.9 and incubated at 22°C for 15 
minutes. An aliquot of this mixture was diluted to a final plasma 
concentration of 0.5% in 0.05 mol/L of Tris, 0.1 mol/L NaCl, and 
0.1% Triton X-100 pH 8.8 (NEN, Boston), and incubated with | 
mmol/L of S-2251 and 0.3 mg/mL of plasminogen in the presence 
of fibrin (70 ng/mL) for 6 hours at 37 °C in a microtiter plate. The 
change in absorbance was measured at 405 nm with a Titertek 
Multiscan Spectrophotometer (Flow Lab, McLean, VA). 

Assay of PAI activity. The PAI assay was performed as 
described by Chmielewska and colleagues.” Human t-PA (10 uL, 
2U/mL final) was incubated for 10 minutes at 22 °C with 40 uL of 
plasma that was undiluted or diluted in 0.02 mol/L of sodium 
phosphate, 0.1 mol/L of NaCl pH 7.3. Residual t-PA activity was 
measured after acidification and dilution of the sample as described 
previously, One unit of inhibitor is defined as the amount that 
inactivates | U of t-PA during the 10-minute incubation period. 

Assay of plasmin-inhibitor activity. Plasmin (final concentra- 
tion 0.6 CTA U/mL) was incubated for 20 seconds at 30 °C with 
rabbit plasmas diluted 1/20 and 3/40 in 0.05 mol/L of Tris and 0.15 
mol/L of NaCl pH 7.4. After 20 seconds, a 30-~L sample was added 
to | mL of 0.) mmol/L of S-2251 in 0.05 mol/L of Tris pH 7.4, and 
the change in absorbance at 405 nm was monitored with a Cary 
recording spectrophotometer (Varian Associates, Instrument Divi- 
sion, Palo Alto, CA). The results were expressed as the percentage of 
activity of a standard of pooled human plasma. 

Plasma plasminogen assay. Plasma was mixed with an equal 
volume of 1.0 mol/L of sodium acetate pH 3.9 and diluted to final 
concentrations of 2% and 1% with 0.05 mol/L of Tris, 0.1 mol/L of 
lysine, and 0.1% human albumin, pH 7.4. A 200-uL mixture 
containing 0.05% to 2.5% plasma, urokinase (2,500 U), S-2251 (0.2 
mmol/L) in Tris-lysine buffer was then incubated in a microtiter 
plate for 30 minutes at 22°C, and the change in absorbance was 
compared with that obtained with a standard curve prepared from 
human plasmin of known activity. 

Fibrin plate zymography. Plasma samples were electrophoresed 
in sodium dodecyl sulfate (SDS) on an 8% polyacrylamide gel that 
was then washed for 30 minutes in 0.1 mol/L of Tris pH 8 containing 
0.1% Triton X-100.” The gel was overlaid with a fibrin monolayer 
containing plasminogen, incubated at 37°C for 16 hours, and 
photographed.” 

Fibrinogen and FDP-fdp. The fibrinogen concentration was 
determined spectrophotometrically after plasma was clotted with a 
calcium-thrombin solution for 1 hour, and the clot was washed with 
normal saline followed by solubilization in alkaline urea.” The 
FDP-fdp were measured in a tanned RBC hemagglutination immu- 
noassay that was modified for use in rabbits." 

Data analysis. The results of experiments were expressed as the 
mean + SEM. Statistical analysis was performed with a Student's ¢ 
test on paired samples. 


Table 1. Measurement of PA Activity in Rabbit Plasma 








PA (U/mL) 
Rabbit No. A B € 
f 0.41 0.42 0.09 
H 0.66 0.66 0.42 
if 0.55 0.57 0.23 
IV 0.74 0.60 0.34 
Mean + SEM 0.59 + 0.07 0.55 + 0.05 0.27 + 0.07 


a AA NRRL NAOT ttt RICCO RCA CLAN NLC RADON CONC AA AACE 


Plasma was acidified, diluted to 0.5%, and assayed immediately (A): 
acidified, diluted, frozen at - 70 °C for 24 hours and then thawed and 
assayed {B}; acidified, frozen at — 70 °C for 24 hours and then diluted 
and assayed (C). 
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Histopathology. Necropsies were performed on animals that 
died during ancrod infusion or were killed by a 5-mL. intravenous 
(IV) injection of sodium pentobarbital (V-Pento C, 65 mg/mL) | 
hour after completion of the infusion. Within 20 minutes of death, 
tissues from all animals were immersion-fixed in neutral buffered 
10% formalin, processed, embedded in paraffin, and stained with 
hematoxylin and eosin. Sections of lung, liver, kidney, and spleen 
were also stained with phosphotungstic acid hematoxylin (PT AHD” 
and examined for the presence of fibrin microthrombi by a patholo- 
gist who was unaware of the experimental protocol for the individual 
animals. 


RESULTS 


Measurement and characterization of PA in rabbit plas- 
ma. Although freezing acidified human plasma has been 
reported not to affect the PA activity,” freezing and storage 
of rabbit plasma at —70 °C caused a significant decrease in 
PA activity as compared with that of unfrozen samples 
(Table 1). When acidified rabbit plasma was diluted to a 
final plasma concentration of 0.5% in Triton X-100 buffer 
and then stored at —70 °C, the PA remained unchanged 
from that measured in fresh plasma. Therefore, all plasmas 
were stored at —70°C after acidification and dilution in 
Triton X-100 buffer. The apparent lability of rabbit PA 
could not be explained on the basis of qualitative or quantita- 
tive alterations in activators or inhibitors. Both species have 
similar levels of PAI and PA; by fibrin zymography, the mol 
wt of PA in rabbit plasma is 68,000, similar to that of human 
t-PA.® The PAI in rabbit plasma has the same mol wt as the 
PAI that has been characterized in human plasma.’ 

Effects of ancrod infusion in normal rabbits. When 
ancrod was infused into normal rabbits, fibrinogen levels 
decreased from 2.2 + 0.1 to 0.3 + 0.1 g/L and FDP-fdp 
increased from a baseline titer of 1/32 to 1/4098 at 1.5 hours 
after initiation of the infusion. These alterations were asso- 
ciated with a significant increase in PA activity of 91.3% + 
16.1% (P < .01, Fig 1). Six hours later, the PA levels had 
returned to baseline values, and the fibrinogen levels were 
still depressed (0.4 g/L), When ancrod was infused at this 
time into these hypofibrinogenemic rabbits, PA activity was 
again increased by 40.7% + 14.6% above the 6-hour value 
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Fig 1. Effect of ancrod on plasminogen activator (PA) activity 
in hypofibrinogenemic rabbits. Ancrod (2 U/kg) was infused at 0 
and 6 hours. PA activity ( } and fibrinogen levels} (— -—~ =} 
were determined at the indicated time points. Data are the 
mean + SEM of four rabbits. 
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(P < .05) and fibrinogen levels became undetectable. The 
PA values remained elevated for another 2 hours after the 
second ancrod infusion. By fibrin plate zymography, the PA 
before and after ancrod was 68,000 mol wt (Fig 2), suggest- 
ing that the increase in PA after ancrod was t-PA. Ancrod 
had no effect on PAI levels, which were <1 U/mL when 
measured before and at 1.5 hours after infusion. Infusions of 
Saline into six control rabbits caused no increase in PA, PAI, 
or change in fibrinogen levels (data not shown). 

To determine if ancrod could stimulate release of PA in 
the absence of any detectable fibrinogen, a group of animals 
was rendered afibrinogenemic by infusing ancrod at 0 to | 
hour and again at 2 to 3 hours (Fig 3). At 6 hours, these 
afibrinogenemic rabbits received either a third infusion of 
ancrod or DDAVP, which is known to stimulate PA in 
normal rabbits by 40%.° Ancrod caused no increase in PA 
when infused at this time: however, PA was significantly 
increased by 26% (P < .05) in the five rabbits that had 
received DDAVP. These data indicate that ancrod stimu- 
lates PA release only when infused into rabbits that have 
circulating fibrinogen, suggesting that clot formation 
induced by ancrod is the stimulus for PA release. The ability 
of the afibrinogenemic rabbits to release PA when infused 
with DDAVP indicates that the PA stores had not been 
completely depleted by two previous infusions of ancrod. 

Ancrod-induced fibrin deposition in endotoxin-treated 
rabbits. Infusion of endotoxin into rabbits caused a dose- 
dependent increase in both PA and PAI (Fig 4A and B). One 
group of rabbits received endotoxin at a dose of | ug/kg, 
followed by an infusion of normal saline or ancrod 4 hours 
later (Fig 4A). Approximately 90 minutes after endotoxin 
infusion, PA was maximally increased by 41.2% + 10.5% 
above baseline values (P < .01), returning to normal values 
by 4 hours. PAI levels increased from <1 U/mL to maxi- 
mum values of 14.3 + 2.3 U/mL at 4 hours. Infusion of 
ancrod at this time did not cause an increase in PA, although 
fibrinogen levels decreased from 1.7 + 0.3 to 0.1 + 0.1 g/L. 
At necropsy, 40% of the rabbits had evidence of renal 
thrombi (Table 2). One of these animals also had pulmonary 
thrombi. None of the endotoxin-treated animals that 
received saline instead of ancrod showed any evidence of 
fibrin deposition. 

A second group of rabbits was infused with endotoxin at a 
dose of 10 g/kg, followed by ancrod or normal saline 4 
hours later. After infusion of endotoxin, PA was maximal at 


KRISHNAMURTI ET AL 


Fig 2. Fibrin zymogram of paired rabbit plas- 
mas obtained before and 1.5 hours after infusion of 
ancrod or saline. Samples were electrophoresed in 
sodium dodecyl sulfate (SDS) on an 8% polyacryl- 
amide gel. Lanes 1,3, pre-ancrod samples, lanes 
2.4, post-ancrod; lanes 5,7, pre-saline; lanes 6,8, 
post-saline; lane 9, human-melanoma tissue plas- 
minogen activator (t-PA); lane 10, human uroki- 
nase. 


30 minutes and declined at 90 minutes as PAI levels rapidly 
increased (Fig 4B). By 4 hours, PAI had increased from <1 
to 32 U/mL; plasminogen levels had decreased from 5.9 to 
4.2 U/mL, and a,-antiplasmin was decreased by 36%. Thus, 
the most striking change in components of the fibrinolytic 
system 4 hours after this dose of endotoxin was the marked 
increase in PAI. Infusion of ancrod at this time caused 
glomerular fibrin deposition in 90% of the animals (Table 2). 
One of these animals also had pulmonary thrombi, and one 
demonstrated pulmonary and splenic thrombi in addition to 
the fibrin deposition in the glomeruli (Fig 5). The endotoxin- 
treated animals that received saline had no demonstrable 
fibrin deposition. 

These data suggested that endotoxin, by increasing PAI 
levels, promoted fibrin deposition in the ancrod-treated rab- 
bits. The following experiment was done to determine if 
ancrod induced clot deposition when infused into endotoxin- 
treated rabbits that had PAI levels <1 U/mL at the time of 
initiation of infusion. Ancrod was infused into rabbits 30 
minutes after they had received endotoxin (10 ug/kg). PAI 
levels increased from <1 to ~16 U/mL during the ancrod 
infusion and were 24 U/mL 1 hour later, at the time of 
necropsy. Fibrin deposition was detected in 50% of these 
rabbits (Table 2). 

All rabbits infused with ancrod alone or with endotoxin at 
a dose of 1.0 ng/kg followed by ancrod survived the infusion. 
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Fig 3. Fibrinolytic response in rabbits after multiple infusions 
of ancrod. Plasminogen activator (PA) activity ( ) and fibrino- 
gen levels (—_-—-—-) were measured at the indicated time intervals 
after ancrod infusions at 0, 2 and 6 hours. Results are the mean + 
SEM of five rabbits. 
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Fig 4. Effect of ancrod on endotoxin- 
treated rabbits. Endotoxin was administeredat 
doses of 1 ug/kg (A, 12 rabbits) or 10 ug/kg IB. 
13 rabbits), and ancrod was infused 4 hours 
later. The activator (PA) ( ) 
and PA inhibitor (PAI) (———) activities o i 
(mean + SEM) are shown. 
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Animals that received endotoxin at the higher dose of 10 
ug/kg followed by ancrod at 30 minutes or 4 hours had 
mortalities of 50% and 40%, respectively. The mortality was 
14% for those animals that received onlysaline 4 hours after 
this dose of endotoxin. Mortality could not be correlated with 
the presence of fibrin deposition. 


DISCUSSION 


The present study demonstrates that when a thrombogenic 
stimulus such as ancrod is infused slowly into normal rabbits, 
PA levels increase as a result of the coagulant action of 
ancrod on fibrinogen. PAI levels are not increased and fibrin 
deposition does not occur after ancrod infusion alone. How- 
ever, rabbits that have a high level of PAI at the initiation of 
ancrod administration or rabbits that are undergoing rapid 
increases in PAI during the infusion may develop fibrin 


Table 2. Summary of Histologic Studies 








Fibrin Thromb: 
(No.of PAI Levels (U/miL)* 
Study/Treatment (%) Animals) (Mean + SEM) 
Experimental 
Endotoxin (1 ug/kg), 
ancrod (4 h)t 40% (2/5)t¢ 11.7 + 3.1 
Endotoxin (10 ug/kg), 
ancrod (4 h) 90% (9/10) 33.3 + 3.4 
Endotoxin (10 ug/kg), 
ancrod (30 min) 50% (3/6) 0.2 + 0.1 
| 
24.7 + 3.4 
Controls 
Endotoxin (1 g/kg), 
saline (4 h) o% (0/4) 20.4 + 6.0 
Endotoxin (10 g/kg), 
saline (4 h) 0% (0/7) 33.3 + 2.9 
Saline. ancrod (4 h) 0% (0/4) 2.0 + 1.6 





*Plasminogen activator inhibitor (PA!) levels attime of second infusion 
(ancrod or saline). For rabbits that received ancrod 30 minutes after 
endotoxin, PAI levels had not yet reached a plateau and increased from 
0.2 to 24.7 U/mL at time of necropsy. 

¢ Time of second infusion (ancrod or saline), After the administration of 
endotoxin, ancrod or saline was infused into the animals. Survivors were 
killed 1 hour postinfusion. Lung, liver, spleen, and kidneys were fixed, 
stained with phosphotungstic acid hematoxylin (PTAH), and examined for 
the presence of fibrin microthrombi. 
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deposition, predominantly in the glomeruli. It is unlikely that 
alterations in other components of the fibrinolytic system are 
sufficient to be implicated in the thrombus formation that 
occurred in endotoxin-treated rabbits that received ancrod. 
Although plasminogen levels decreased after endotoxin infu- 
sion, @,-antiplasmin levels were lower as well. 

The infusion of endotoxin also causes leukopenia, genera- 
tion of cellular and humoral procoagulant activity, and 
activation of the complement system.” These alterations, 
however, do not appear to be significant factors in the 
induction of fibrin formation described in the present study. 
In their work with rabbits deficient in the sixth component of 
complement, Muller-Berghaus and Lohmann demonstrated 
that the complement system does not have a role in the 
induction of renal microclot formation in animals that 
receive a continuous infusion of endotoxin.* Muller-Berg- 
haus and coworkers also reported that rabbits injected simul- 
taneously with ancrod and endotoxin developed glomerular 
microclots that could not be prevented by heparin” or by first 
rendering the animals neutropenic with nitrogen mustard.” 
They concluded that the endotoxin-mediated generation of 





Fig 5. Histopathologic evidence of fibrin microthrombi (dark, 
fibrillar areas) in the glomeruli of a rabbit infused with endotoxin 
(10 ug/kg) and then ancrod 4 hours later. The animal was killed 1 
hour after completion of ancrod infusion. 
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microclots in ancrod-infused rabbits did not involve neutro- 
phils or the generation of procoagulant activity by endo- 
toxin. 

Additional indirect evidence for the role of PAT in inhibit- 
ing fibrinolysis is suggested by the studies of Szczepanski and 
Lucer,” who reported that the infusion of a single dose of 
endotoxin into rabbits caused an increase in the fibrinolytic 
activity of the plasma euglobulin fraction within the first 
hour, followed by a decrease in the plasminogen activator 
activity of kidney tissue at ~6 hours. Bergstein and Michael” 
found that fibrinolytic activity was present in the renal 
cortices of rabbits killed 30 minutes after a single dose of 
endotoxin but was undetectable in animals killed from | to 2 
hours later. The activity reappeared at 24 hours, thus follow- 
ing a time course consistent with induction of PAI. The loss 
of fibrinolytic activity after infusion of endotoxin alone was 
not associated with fibrin deposition. 

The vulnerability of the kidneys of the endotoxin-treated 
rabbits to fibrin deposition after ancrod may reflect the low 
level of PA activity relative to the levels of PAI within this 
particular organ. In the present study, only 3 of 14 rabbits 
that developed renal fibrin deposition had pulmonary 
thrombi as well. One explanation for these findings is that 
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pulmonary tissue can have an inhibitory effect on the func- 
tion of PAI, as was recently demonstrated by Colucci and 
co-workers.'* These investigators showed that addition of 
rabbit lurg slices toa whole biood clot markedly enhanced its 
lysis when it was incubated in the presence of PAI inhibitor- 
rich plasma in vitro. 

The hizhest levels of PAI appear to be induced by endo- 
toxin in humans*” as well as in rabbits. However, the levels of 
PAI required to prevent fibrinolysis are not known for 
specific c inical settings. The levels may depend on the type 
of thrombogenic stimulus that is acting in a given situation. 
For example, ancrod induces non-crosslinked fibrin forma- 
tion which undergoes lysis relatively easily. The generation 
of small amounts of thrombin which causes activation of 
coagulation factor XIH with crosslinking of a,-antiplasmin 
to the clot may be much more thrombogenic and require 
larger concentrations of activator for lysis. 

Elevated PAI levels appear to be a significant factor for 
clot formation when a thrombogenic stimulus such as ancrod 
is admiristered. Monitoring levels of this inhibitor in 
patients, especially those in sepsis, may allow prevention of 
renal fibrin deposition, which is not uncommon in this 
clinical condition.” 
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Culture From Human Bone Marrow of Blast Progenitor Celis With an 
Extensive Proliferative Capacity 


By Scott D. Rowley, Saul J. Sharkis, Catherine Hattenburg, and Lyle L. Sensenbrenner 


The investigation of human hematopoiesis is limited by the 
lack of an in vitro assay for the most primitive hemato- 
poietic stem cell. In this report, we describe the culture 
from normal human bone marrow of unique colonies of 
morphologically immature ceils with scanty, agranular, 
cytoplasm and a primitive nucleus with nucleoli. These 
“blast” cells demonstrate a significant ability for the gen- 
eration of secondary colonies of multiple lineages, includ- 
ing additional blast cell colonies. These colonies are 


HE CURRENT general model of hematopoiesis 
assumes that mature blood cells arise from pluripotent 
hematopoietic stem cells capable of both self-renewal and 
differentiation.’ Increasing maturation of the progenitor cell 
results in the loss of its self-renewal capacity and, concomi- 
tantly, a restriction in differentiation to a particular cell 
lineage. The clonal growth in vitro of hematopoietic cells 
supports this theory and facilitates the investigation of 
hematopoietic function. The cells of colonies arising in 
cultures of committed hematopoietic progenitors lack the 
primary features of stem cells, however, ie, an extensive 
ability for self-renewal and the ability to give rise to progeny 
of multiple lineages when replated. The most primitive 
progenitor cell described in cultures of human bone marrow 
so far, the CFU-GEMM,*’ demonstrates only a limited 
capacity for self-renewal.*° 
Recently, murine progenitor cells capable of extensive 
replating and self-renewal were reported by several investi- 
gators. ° The cells of these colonies are morphologically 
immature (“blast cells”) and, when replated, may give rise to 
secondary colonies of various lineages including additional 
blast cell colonies. This particular progenitor cell in one assay 
system demonstrates a “variable G, phase,” with colonies 
appearing apparently randomly throughout the culture peri- 
od.'? The work of Nakahata and colleagues with this primi- 
tive murine progenitor cell supports a stochastic model for 
hematopoietic stem cell differentiation.’ Cultures of human 
umbilical cord blood give rise to similar colonies,” although 
secondary colony formation when the blast cells are replated?® 
is much poorer than that reported for the murine cultures.”!! 
To date, a similar cell has not been reported in cultures of 
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detected at various times during the culture period of up to 
28 days. Neither the time of appearance in primary culture 
nor any feature of the morphological appearance of the 
blast cells is correlated with replating ability or the differ- 
entiation pathway followed. The progenitor cell giving rise 
to these colonies may represent the earliest pluripotent 
hematopoietic stem cell yet grown in culture. 

® 1987 by Grune & Stratton, Inc. 


normal human bone marrow. In this report, we describe the 
growth from human bone marrow of primitive pluripotent 
cells that also have an extensive capability for the generation 
of secondary colonies. These cells may represent the earliest 
human hematopoietic stem cell grown in vitro. 


MATERIALS AND METHODS 


Bone marrow cells were aspirated from the posterior iliac crests of 
healthy human donors after informed consent was obtained. The 
collection of normal human bone marrow specimens is approved by 
the Joint Committee on Clinical Investigation of The Johns Hopkins 
University School of Medicine and The Johns Hopkins Hospital. 

Cell culture. The assay for human blast cell colonies is modified 
from the technique previously described by Nakahata and Ogawa.® 
Specifically, light density (sp gr < 1.077) mononuclear bone marrow 
cells obtained from Ficoll-Hypaque density-gradient centrifugation 
were cultured in a-MEM (GIBCO, Grand Island, NY), supple- 
mented with 1.32% methylcellulose (1500 CP, Fisher), 30% fetal 
bovine serum (FBS, Hyclone, Logan. UT), 5 x 1074 mol/L 2- 
mercaptoethanol, 5% conditioned medium (phytohemagglutinin— 
leukocyte-conditioned medium, PHA-LCM or tumor cell CM; 
described later), 1% bovine serum albumin (Sigma, St Louis), 10 
mol/L of methylprednisolone sodium succinate ester, and 1 U/mL 
of recombinant human erythropoietin (Amgen, Thousand Oaks, 
CA). Quadruplicate 1-mL cultures of 50,000 bone marrow cells per 
culture dish (Lux, Miles Laboratories, Naperville, IL} were main- 
tained in a 5% CO, humidified atmosphere at 37°C for up to 29 
days. Colonies derived from BFU-E, CFU-GM, and CFU-GEMM 
progenitor cells were scored on ar inverted microscope after 14 to 16 
days of culture. The dishes were returned to the incubator, and blast 
cell colonies (> 20 cells) were scored after 26 to 29 days of culture (or 
as otherwise noted). All blast cell colonies were plucked from the 
culture dishes with a 10-uL Eppendorf micropipette and resus- 
pended in 100 uL of a-MEM supplemented with 10% FBS. For 
replating experiments, one-half of the colony was immediately 
replated. The remaining cells were centrifuged onto glass slides for 
cytochemical staining (Wright’s, specific and nonspecific esterases) 
and morphological examination. 

Replating experiments. All colonies for replating were plucked 
from the primary culture as described previously after an estimation 
of colony size was made by in situ cell enumeration. One-half of the 
colony was immediately replated in the same conditions used for the 
primary cultures. Secondary colonies were scored after 14 to 16 days 
of culture and again after 26 to 29 days of culture. Clusters and 
colonies that appeared for only a few days early after replating 
{transient colonies) were not considered. 

Conditioned medium. PHA-LCM was obtained from light- 
density (sp gr < 1.077) peripheral blood leukocytes from healthy 
human donors. The cells were suspended at 10° cells/mL in a- MEM 
supplemented with 20% FBS and 1% vol/vol of PHA (Wellcome 
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Laboratories, Beckenham, England). The flasks were maintained at 
37 °C and 5% CO, for seven days. Cells and cellular debris were 
removed by centrifugation (400 g), and the supernatants were 
filtered (0.22 um) and frozen in aliquots for use. 

The CM” obtained from culture of a hairy cell leukemia cell line 
(Mo-CM) was a gift of Dr David Golde (University of California at 
Los Angeles) and contained 5% FBS. The 5637-CM was derived 
from culture of a bladder tumor cell line.'* 

Nomenclature. We adopted the term blast cell for the cell giving 
rise to blast cell colonies in this assay. 

Statistical analysis. Statistical analysis of the differences 
between numbers of colonies observed in cultures was performed 
using Student's two-tailed z test. 


RESULTS 


The blast cell colonies were loose homogeneous clusters of 
moderate-sized, translucent, round, agranular, and nonpig- 
mented cells without evidence of myeloid or erythroid differ- 
entiation (Fig 1A); they appeared throughout the culture 
period (described later). This contrasted with the obvious red 
pigmentation of erythroid cells and the clearly mature cells 
with irregular outline, granular cytoplasm, and mature 
nucleus of BFU-E-derived and CFU-GM-derived colonies, 
respectively. Especially after 21 to 28 days of culture, the 
immature blast cell-containing colonies were easily distin- 
guished from the more mature progenitor cell colonies, which 





Fig 1. 
Wright's stain, magnification x 1,300. 
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almost uniformly showed extensive degeneration. Also unlike 
colonies derived from the more mature progenitor cells, 
which on morphological examination frequently reveal cells 
comprising a wide range of maturation, the blast cell colonies 
consisted solely of blast cells with uniform morphological 
appearance (Fig 1B) except as noted below. Mitotic figures 
were commonly observed in cytospin preparations of blast 
cell colonies. The blast cells did not demonstrate either 
specific or nonspecific esterase staining. The blast cell colo- 
nies usually contained 200 to 500 cells, although colonies as 
small as 20 cells and as large as ~1,000 cells without 
maturation were observed. Frequently, the larger colonies 
contained a mixture of blast cells and foci of maturing cells. 
(These colonies were excluded from analysis since replates of 
these colonies invariably gave rise to very limited numbers of 
secondary colonies; CFU-GEMM replating efficiency is 
described below.) 

The tumor cell CM supported increased blast cell colony 
growth as compared with the PHA-LCM (Table 1). This 
increase was approximately twofold to threefold and is 
statistically different (P < .05). Only a limited number of 
blast cell colonies were observed after 28 days of culture. We 
observed a mean (+SEM,n = 3) of 3.7 + 0.5 blast colonies in 
each milliliter of culture on day 14 of culture as compared 
with 0.9 + 0.3 and 0.7 + 0.2 on days 21 and 28 in a series of 





Photomicrographs of (A) blast cell colony in situ, magnification x 400, and (B) cytospin preparation of blast cells stained with 
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Table 1. Primary Colony Growth From Primitive and Committed 
Progenitor Cells 


Nn ee te ete n a aaa NUR TINOTSEELTE TE DEIOT DESI h aan 


Observed Colonies* 
CFU-GM CFU-GEMM 
PHA-LCM 68.9 + 12.4 7822+75 56 1.2 0420.1 


MO-CM 67.0 + 8.6 66.7 +75 53207 12+20.3 
5637-CM 44.7 + 9.7 56.0 + 7.2 


Conditioned __..... 


Medium t BFU-E Blast Cell 


ib 


1+ 


I+ 





HAA AAA A AH mirin arii a ha AAi an aa ana ninnan aa RALLY le YY Restle Nth 


PHA-LCM, phytohemaggiutinin—leukocyte-conditioned medium: Mo- 
CM, CM derived from a hairy cell leukemia line; 5637-CM, CM derived 
from culture of a human bladder tumor cell line. 

*Colonies scored per 5 x 10° light-density bone marrow cells plated. 
Culture periods are described in the Materials and Methods section. 

+Experiments for PHA-LCM and Mo-CM {n = 9): experiments for 
5637-CM (n = 8). 


experiments in which different sets of four plates were scored 
at each time point (difference in growth of blast cell colonies 
at day 14 and day 21 or day 28 was significant, P < .05). We 
did not score for blast cell colonies earlier than 14 days of 
culture to avoid confusion with the immature colonies of 
other lineages. Occasionally, small numbers of fully differen- 
tiated colonies without the usual extensive degeneration were 
observed after 28 days of culture. We presume that these 
colonies differentiated from blast cells present earlier in the 
culture period. Most (50% to 100%, mean 79%) of the blast 
cell colonies in this series contained progenitor cells that 
formed secondary colonies, and the replating efficiency was 
similar for the three time points. Blast cell colonies that did 
not replate (excluding colonies containing mature cells as 
described above) could not be distinguished on the basis of 
colony size or cytochemical staining of the individual cells 
from colonies with self-renewal capacity. 

Blast cells dispersed into secondary cultures generated 
moderate numbers of secondary colonies of various lineages 
(Table 2), with some secondary blast cell colonies of 70 to 
130 cells observed after an additional 28 days of culture. 
These secondary blast cell colonies have given rise to tertiary 
colonies (erythroid, granulocytic, not shown), but no tertiary 
blast cell colonies have yet been found. Mature granulocytic 
colonies replated after 14 or 28 days of primary culture and 
mature erythroid colonies replated after 14 days of culture 
did not give rise to secondary cultures. CFU-GEM M-derived 
colonies (n = 10) replated after 14 days of primary culture 
demonstrated some limited proliferative capacity. Three of 
these ten colonies, which contained an average of 2.8 + 0.5 x 
10* cells, gave rise to 16, 7, and 16 granulocytic colonies, 
respectively. These replates had no secondary BFU-E, CFU- 
GEMM, or blast cell colonies. 

The maturation pattern (Table 2) of colonies in the 
secondary cultures could not be predicted by the primary 
colony size or by cytochemical staining characteristics of 
cytospin preparations of the blast cells. We observed individ- 
ual primary colonies giving rise to secondary colonies of 
erythroid or granulocytic lineages only, mixtures thereof, or 
some pluripotent progenitor cell colonies (CFU-GEMM or 
blast cell). Usually after 14 days of culture we did observe 
some primary colonies composed of cells similar to blast cells 
except appearing more opaque in situ. These cells contained 
early cytoplasmic granule formation with Wright's staining 
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and invariably gave rise to granulocytic colonies in secondary 
plating. Of 10 of these colonies from 5 bone marrow samples, 
5 (50%) replated with a mean replating efficiency (number 
of secondary colonies grown per number of cells seeded) of 
16.7%. These “late blast” colonies may have been derived 
from the more immature blast cell colonies, and may repre- 
sent colcnies that have become lineage restricted. 


DISCUSSION 


This report documents the presence in human bone mar- 
row of hematopoietic progenitor cells that have a significant 
replating capacity suggestive of high proliferative potential 
and can be cultured in vitro. The colonies observed differ 
from those produced by the more mature progenitor cells by 
their variable time of appearance in culture (also seen in 
murine cultures of “S cells’), in the uniform morphological 
appearance of the cells within and between blast cell colonies 
and, most importantly, in the ability to generate secondary 
colonies of multiple lineages, including additional pluripo- 
tent stem cell-derived colonies upon replating. We believe 
that these cells are functionally similar to those isolated from 
human umbilical cord blood®'’ and murine bone marrow and 
spleen.” These cells may also be comparable to the human 
bone marrow progenitor cells giving rise to immature colo- 
nies in S-day cultures on previously established adherent cell 
layers,” although the differences in culture conditions make 
comparison difficult. 

The tumor cell CM (Mo-CM or 5637-CM) resulted in 
increasec. growth of the blast cell colonies as compared with 
cultures of bone marrow with PHA-LCM. We did not 
determine if this increased growth relates to increased con- 
centrations of particular growth factors contained within 
these media or the presence of an inhibitor(s} contained 
within the PHA-LCM. Additional evaluation of growth 
factor requirements for blast cell colony growth is under 
study. The observation by Keller and colleagues® that initial 
co-culture of murine bone marrow cells with lymphocytes 
increasec not only primary blast cell growth but also the 
secondary replating efficiency of the blast cells suggests that 
a specific growth factor (ie, lymphokine) may be important 
for optimal growth of the primitive stem cells. We did 
observe tie growth of blast cell colonies from T cell-depleted 
cord bload,'? which suggests the lymphocyte presence may 
not be required in this system, although lymphocytes may 
enhance :he growth of blast cell colonies as shown for other 
progenitcr cells. $ 

We observed a marked heterogeneity of both the replating 
efficiency and lineage commitment in the secondary replates 
that could not be predicted by primary colony size or any 
other determined feature of morphological appearance. 
Mostly, we observed secondary replates containing only 
mature progenitor cell colonies (BFU-E, CFU-GM), 
although occasional CFU-GEMM« and blast cell colonies 
were found. This definite tendency toward differentiation of 
the blast cells was also noted in human cord blood blast cell 
replates®: murine blast cells in one report retained significant 
self-renewal capacity,’ although blast cells from a different 
assay system have not been reported to generate any second- 
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Table 2. Replating Potentials of Biast Cell Colonies 








main iemcarnsamabcricmman myer ba h initan yin tnr 


No. of 
Colony Culture Celis Blast 
No. * (day}+ Replated BFU-E CFU-GM CFU-GEMM Cal 
Four colony types 1 28 75 15 103 3 3 
in replates 2 28 70 45 117 6 3 
3 14 75 8 11 3 1 
Three colony types 4 28 40 84 91 16 Q 
in replates 5 28 200 14 124 1 G 
6 28 120 52 38 9 0 
7 28 200 20 109 4 0 
8 28 50 13 105 2 Q 
9 26 116 19 5 1 9 
10 26 116 3 26 1 0 
11 14 40 19 3 0 j 
12 14 38 2 2 4 Q 
13 21 125 2 7 5 :G 
14 28 38 10 15 1 Q 
15 28 100 41 15 2 0 
16 14 200 31 46 2 Q 
17 14 50 12 37 2 O 
18 14 500 192 11 1 G 
Two colony types 19 28 75 o 3 o i 
in replates 20 28 62 8 38 0 ü 
21 28 50 7 2 0 0 
22 30 50 10 1 0 0 
23 21 100 66 0 0 0 
24 14 40 20 13 0 0 
25 14 50 14 1 0 Q 
One colony type 26 28 37 23 Q 0 0 
in replates 27 21 150 57 0 Q 0 
28 28 50 10 0 0 G 
29 28 15 18 0 0 0 
30 14 100 48 0 0 0 
31 14 50 24 0 Q Q 
32 14 50 0 39 0 0 
33 27 63 0 20 0 G 
34 30 30 0 11 0 Q 
35 30 48 0 28 0 0 
36 28 24 0 29 0 0 
37 28 100 0 24 0 9 
38 28 25 0 5 0 0 
39 28 25 0 7 0 0 
40 28 37 0 32 0 $ 





ronan nd ranted 


*Blast cell colonies represent samples from 18 differant bone marrow donors. This list is intended to demonstrate the range of proliferative potentials 
of the blast cells in replating experiments and does not show all replates from the 18 donors. 
{Culture day is the number of days of primary culture at which time the blast cell colony is plucked for reptating. 


ary blast cell colonies.” A particular set of culture conditions 
may select for differentiation over self-renewal. Even though 
the cells appear morphologically uniform, this is clearly not a 
reflection of their ability to reclone in secondary cultures 
(Table 2). Morphological appearance may not reflect the 
initial stages of differentiation and commitment, and other 
methods may be necessary to investigate the early stages of 
differentiation. Unlike leukemic blasts, the blast cells 
derived from normal tissues are not arrested in maturation, 
and differentiation should be expected of these cells if they 
are not merely an artifact of in vitro culture. In this regard, 
the late blasts observed in our culture system {type I blast of 
Keller and colleagues*) do demonstrate morphological evi- 


dence of differentiation and a commitment to granulocytic 
maturation. The growth of more colonies than blast cells 
seeded in the replating experiments (Table 2) can be inter- 
preted as a technical error in enumeration of the number of 
cells contained within the primary colony. Because we 
observed this on several occasions, we favor the hypothesis 
that the increase reflects the expansion of the blast cell pool 
and is consistent with the appearance of secondary blast cell 
colonies in the replates. 

The blast colony progenitor cell appears to be more 
primitive than the CFU-GEMM in both human and murine 
hematopoiesis. The blast progenitor cell colony contains only 


7; 


immature cells, gives rise to both additional blast cell colo- 
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nies as well as mixed granulo-erythroid-megakaryocyte 
(CFU-GEMM) colonies when replated, and appears at 
various times after the establishment of culture, suggesting 
that the cell is in a resting state of cell cycle with a random 
entry into clonal growth. Only limited numbers of secondary 
colonies were found in replates of the CFU-GEMM colonies, 
and no secondary colonies were found in our replates of 
mature granulocytic or erythroid colonies. Blast cell colonies 
have not yet been demonstrated to arise from mixed colo- 
nies. 

The blast cell appears to be functionally different from the 
more mature progenitor cells. We observed blast cell colonies 
grown from human bone marrows that have been exposed to 
4-hydroperoxycyclophosphamide (4-HC)'"* to “purge” tu- 
mor cells prior to autologous bone marrow transplantation.” 
We and others also observed this relative resistance of the 
blast cell to 4-HC as compared with later progenitors in 
normal human bone marrow (data not shown) and in murine 
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spleen” samples, demonstrating a possible clinical benefit. 
Because these “purged” bone marrows are capable of recon- 
stituting the hematopoietic system of the transplanted recip- 
ients, this blast cell may be the cell responsible for the 
reconstitution of hematopoiesis following bone marrow 
transplantation. The functional role of the blast progenitor 
cell in comparison to the mature progenitor cells is under 
active ir vestigation at this center? 

This cell may represent the human hematopoietic stem 
cell, and this assay may serve as a fairly simple in vitro means 
to probe stem cell function. Certainly, this cell will merit 
further investigation including but not limited to its response 
to growth regulation and its role in the disordered states of 
hematopoiesis in humans. 
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Normal Synthesis and Expression of Endothelial IIb/IIIa 
in Glanzmann’s Thrombasthenia 


By J.C. Giltay, O.C. Leeksma, C. Breederveld, and J.A. van Mourik 


Glanzmann’s thrombasthenia is a bleeding disorder, inher- 
ited in an autosomal recessive way and characterized by an 
absence or deficiency of the platelet glycoprotein (GP) 
lib/tHa complex. Recently, we and others demonstrated 
that cultured human umbilical vein endothelial cells synthe- 
size a membrane protein complex similar to the platelet GP 
lib /tlla complex. In this article, we demonstrate that endo- 


i B URING THE LAST few years endothelial cell proper- 
AZ ties, such as binding of fibrinogen,” thrombin, ® and 
factors V,’* 1X," and X" have been described, suggesting 
an important role of the endothelial cell plasma membrane, 
analogous to the platelet membrane, in hemostasis and 
thrombosis. 

In view of this endothelial cell receptor function, parallels 
were proposed between the endothelial and platelet plasma 
membrane. We and others demonstrated the synthesis by 
endothelial cells of a membrane glycoprotein (GP) indistin- 
guishable from platelet GP Ia'*"? and of a protein complex 
similar to the platelet GP Hb/Hla complex. Recently, 
endothelial cells were proposed to synthesize a protein immu- 
nologically related to platelet GP Ib as well. 

in Glanzmann’s thrombasthenia, an autosomal recessive 
inherited hemorrhagic disease, ™” the GP IIb/IIla complex 
is absent or deficient on the platelet membrane. We won- 
dered, therefore, whether thrombasthenic patients would 
have a deficiency, not only of the platelet GP IIb/IIIa 
complex, but also of the endothelial GP Hb/HIa complex. 

To attempt to answer this intriguing question we cultured 
endothelial cells isolated from the umbilical vein of a new- 
born with Glanzmann’s thrombasthenia. We demonstrated, 
by immunofluorescence, crossed immunoelectrophoresis 
(CIE), and immunoprecipitation, that the patient’s endothe- 
lial cells were indistinguishable from normal endothelial cells 
in their ability to synthesize and express a GP IIb/IIla 
complex. 


MATERIALS AND METHODS 


Patient. The patient (Y.O., a boy) was born with petecchiae and 
hematomas, despite a normal platelet count (245 x 10°/L). His 
parents, who were first cousins, were of Moroccan origin and had 
two older thrombasthenic children. The diagnosis of Glanzmann’s 
thrombasthenia was based on the following criteria. The patient’s 
platelets failed to aggregate in response to ADP or collagen but did 
aggregate in response to ristocetin. No binding of CLB-C17"* (Table 
1) or other anti-GP Hb/Hla monoclonal antibodies was observed by 
indirect immunofluorescence or in a whole-blood binding assay.” No 
GP Hb/Hia could be demonstrated by CIE (not shown) and 
two-dimensional nonreduced/reduced sodium dodecyl sulfate-poly- 
acrylamide gel electrophoresis (SDS-PAGE) (Fig 1).'*" 

Endothelial cell culture, Endothelial cells of the patient and 
those of normal controls were isolated from umbilical cords and 
cultured as described previously." 

Immunofluorescence. Endothelial cells were detached from cul- 
ture flasks by brief exposure to 0.05% trypsin and 0.02% EDTA 
(wt/vol) (GIBCO, Paisley, Scotland), followed by neutralization 
with 300 g/mL of soybean-trypsin inhibitor (Sigma Chemical, St 


Louis). Cells were centrifuged, washed three times, and fixed with 
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thelial cells isolated from the umbilical vein of a newborn 
with Glanzmann’s thrombasthenia, as compared with nor- 
mal endothelial cells, show no difference in their ability to 
synthesize and express this GP flb/Ila complex. Our 
results indicate that Glanzmann’‘s thrombasthenia is not 
accompanied by an “endotheliopathy.”’ 
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1% paraformaldehyde as previously described for platelets.” Bind- 
ing of monoclonal antibodies and fluoresceine isothiocyanate 
(FITC)-labeled goat anti-mouse antibodies to either endothelial 
cells or platelets in suspension was quantitated with a fluorescence- 
activated cell sorter (EPICS Coulter, Hialeah, FL). 

Crossed immunoelectrophoresis. Samples equivalent to 6 x 10 
platelets or | x 10° endothelial cells were run against 3% and 1.2% 
(vol/vol) polyclonal rabbit antiplatelet antiserum, respectively, and 
an intermediate gel containing ‘I-labeled CLB-C17 IgG.'?/4° 
Slides were stained with Coomassie brilliant blue and subsequently 
subjected to autoradiography. 

Immunoprecipitation. Immunoprecipitation was performed as 
reported, using a preformed complex of monoclonal antibodies and 
goat anti-mouse antibodies. Labeling procedures with “S-methio- 
nine and '*] were as described, with the exception that metabolic 
labeling with °S-methionine was not performed with endothelial 
cells on microcarriers but in 75-cm’ culture flasks. 


RESULTS 


Immunofluorescence. CLB-C17, a monoclonal antibody 
directed against an epitope on the platelet and endothehal 
GP Ifb/IIla complex,'*'” bound to the same extent to the 
patients endothelial cells as to control cells (Table 1), 
whereas no binding to the patient’s platelets was observed. 
Values obtained with Glanzmann’s thrombasthenia and con- 
current control endothelial cells using CLB-C17 and CLB- 
HEC-75 (an anti-GP Ha antibody’? that served as a positive 
control) were well within the normal range (63.4 + 12.0, 
86.0 + 4.3, respectively, mean + SD, n = 5). 

Crossed immunoelectrophoresis. By CIE of an endothe- 
lial cell lysate against a polyclonal antiplatelet antiserum and 
251 labeled CLB-C17, one precipitation arc could be visual- 
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Table 1. Binding of Monoclonal Antibodies to Endothelial Ceils and Platelets in Suspension as 
Determined by Indirect Immunofluorescence 








Platelets Endothelial Cells 
Subject CLB-C17 CLB-HEC-75 NMS CLB-C17 CLB-HEC-75 NMS 
Glanzmann’s 
thrombasthenia 
(patient Y.O.) 0.9 96.3 3.1 45.1 81.8 7.6 
Control 92.1 93.6 1.7 57.3 89.2 18.0 





NMS, normal mouse serum. 


The numbers are percentages of platelets or endothelial cells showing a positive reaction (ie, above background). CLB-C 17 recognizes an epitope on 
the glycoprotein (GP) Iib/Illa complex.14.18 CLB-HEC-75 is an anti-GP Ila antibody:2 used as a positive control. 
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Fig 2. Crossed immunoelectrophoresis of Triton X-100 
lysates of endothelial cells and platelets against a polyclonal 
antiplatelet antiserum. (A) Autoradiogram of normal endothelial 
cells; (B) autoradiogram of thrombasthenic endothelial cells: (C) 
autoradiogram of a mixture of normal and thrombasthenic endo- 
thelial cells, and (D) autoradiogram of normal platelets. 





Fig 1. Analysis of platelet 
membrane glycoproteins (GPs) 
by nonreduced/reduced two- 
dimensional sodium dodecyl 
sulfate polyacrylamide gel elec- 
trophoresis. Autoradiogram of 
normal platelets (A) and the 
platelets of patient Y.O. (B). 
GP llb and GP Illa are absent in 
(B). whereas the other major 
GPs are present. 


ized after autoradiography, using either a lysate of throm- 
basthenic cells (Fig 2B) or control cells (Fig 2A). To prove 
that both precipitation arcs had the same mobility, CIE of a 
mixture of both cell lysates was performed and again 
revealed one precipitation arc (Fig 2C). 
Immuroprecipitation. CLB-C17 precipitated two pro- 
teins from lysates of metabolically (*S methionine) as well 
as surface ('*)-labeled thrombasthenic endothelial cells 
(Fig 3A, lanes 3 and 7). These proteins had the same 
mobility and were of an intensity equal to those precipitated 
from lysates of control cells (Fig 3A, lanes 2 and 6). 
Antibodies against the platelet alloantigen Zw" (PI^; 
located on GP IIla,””* deficient on thrombasthenic plate- 
lets,“ and recently shown to be present on endothelial 
cells’’*) gave precipitation results similar to those of CLB- 
C17 (not shown), indicating normal expression of the Zw* 
(PI^) antigen by these thrombasthenic endothelial cells. 


DISCUSSION 


The erdothelial cells isolated from the umbilical vein of 
our patient with Glanzmann’s thrombasthenia, synthesize 
and express a protein complex that is qualitatively and 
quantitatively indistinguishable from the GP I1b/IIa com- 
plex syntnesized and expressed by normal endothelial cells. 
These findings indicate that Glanzmann’s thrombasthenia is 
not accompanied by an “endotheliopathy,” and are in keep- 
ing with the view of Nurden and colleagues” that the 
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Fig 3. Immunoprecipitation of endothelial cells either metabolically labeled with *S-methionine or surface-labeled with ™I. (A) 
Nonreduced: lane 1, as a reference, “I-labeled llb and Illa precipitated with CLB-C17 from normal platelets (PL); lane 2, “S-labeled 
proteins precipitated with CLB-C17 from normal endothelial cells (N); lane 3, as in lane 2, using thrombasthenic endothelial cells (G); lane 4, 
*S labeled Ila isolated with CLB-HEC-75 from normal endothelial cells; lane 5, as in lane 4, using thrombasthenic endothelial cells; lane 6, 
251 labeled proteins precipitated with CLB-C17 from normal endothelial cells; lane 7, as in lane 6, using thrombasthenic endothelial cells; 
lane 8, “I-labeled Ha isolated with monoclonal antibody CLB-HEC-75 from normal endothelial cells; lane 9. as in lane 8, using 
thrombasthenic endothelial cells. (B) Reduced: lane 1 corresponds with lane 1 in A; lane 2 corresponds with lane 6 in A; and lane 3 


corresponds with lane 7 in A. 


structural genes coding for GP IIb and Illa in this disease 
have no major defect. The platelet defect may be caused by a 
defect in a regulatory element affecting the transcription of 
both genes in megakaryocytes, as suggested by Bray and 
co-workers.” 

Platelet and endothelial GP IIb/IIla are not identical, 
however. As shown previously'*'* and in this study, the 
electrophoretic mobility of the complexes and their subunits 
is different, as judged by CIE (Fig 2) and SDS-PAGE (Fig 
3). Furthermore, not all of the monoclonal antibodies 
directed against platelet GP IIb/IIla crossreact with endo- 
thelial GP II1b/IIla,'*”' and, finally, in contrast to platelet 
GP IIb/IIla, the endothelial complex cannot be dissociated 
by treatment with EDTA." Thus, although the endothelial 
GP IIb/IIla complex is recognized by a number of anti- 


platelet I1b/IIla antibodies (including antibodies directed 
against the platelet alloantigen Zw" (PI*')).?’™ structural 
differences are apparent. 

Taking these findings together, we propose that the endo- 
thelial GP I1b/IIla-like complex is encoded by genes that are 
similar but not identical to the genes coding for platelet GP 
IIb/I1a. In this context, platelet GP I1b/IIla seems to be 
structurally related to cell surface GPs of other cells, includ- 
ing lymphocytes and monocytes, and with these constitutes a 
family of molecules.” ™* The endothelial GP I1b/IIla com- 
plex may belong to this family. More definite answers to 
these questions will be obtained by cloning the GP I1b/IIla 
gene, allowing study at the DNA level to establish the 
structural features of the genes coding for the endothelial 
and platelet GP IIb/IIla. 
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Human Neutrophil Elastase Alters Human a-Thrombin Function: 
Limited Proteolysis Near the y-Cleavage Site Results in Decreased Fibrinogen 
Clotting and Platelet-Stimulatory Activity 


By Mark S. Brower, Daniel A. Walz, Kimberly E. Garry, and John W. Fenton |l 


During blood coagulation, polymorphonuclear leukocytes 
release elastase in amounts that can exceed 100 nmol/L. 
We therefore studied the interaction between human 
leukocyte elastase and human a-thrombin. Elastase 
cleaved the thrombin B chain (Ala 150-Asn 151) near the 
y-cleavage site, resulting in two fragments held together 
by noncovalent interactions. The NH,-terminal fragment 
(FI). mol wt ~18,000, was disulfide-linked to the thrombin 
A chain. The COOH-terminal fragment (Fil), mol wt 
~13,006, contained the active-site serine and formed a 
covalent bond with antithrombin IH. Heparin accelerated 
proteolysis of a-thrombin by elastase. Proteolyzed a- 


LASTASE IS the major neutral protease released by 
human polymorphonuclear leukocytes (PMNs)! dur- 
ing blood coagulation or activation by soluble immune com- 
plexes, C5a, or endotoxin. Elastase is released into the 
circulation in acute leukemia, in septicemia,’ and in a variety 
of other inflammatory conditions.’ Several studies suggest 
that the decrease in the concentration of coagulation factors 
that occurs in these conditions may be the result of direct 
proteolysis by PMN elastase. Elastase also inactivates 
human antithrombin III,’ a,-plasmin inhibitor, and C1 inac- 
tivator.® Furthermore, it inhibits thrombin-induced platelet 
stimulation in association with limited proteolysis of platelet 
membrane glycoprotein Ib.” In circulating blood, leukocyte 
elastase is inactivated mainly by a,-antitrypsin’®; however, 
this inhibitor is readily inactivated by oxidizing agents such 
as those generated by phagocytosing PMNs." More 
recently, studies using cell contact systems have shown that 
a -antitrypsin does not completely inhibit the proteolytic 
activity of PMN-derived elastase. > 
In this study, we investigated the effects of PMN elastase 
on human e-thrombin. PMN elastase cleaved the thrombin 
B chain at Ala 150-Asn 151, within four amino acids of the 
+-cleavage site. Cleavage resulted in formation of a larger 
NH.,-terminal and a smaller COOH-terminal fragment held 
together by noncovalent association. The elastase-modified 
thrombin possessed amidolytic activity similar to that of 
a-thrombin but exhibited reduced fibrinogen clotting and 
platelet-stimulatory activity. Elastase degradation of a- 
thrombin was enhanced by heparin. These findings suggest 
that elastase may be involved in the physiologic modulation 
of a-thrombin function. 


MATERIALS AND METHODS 


Human polymorphonuclear leukocyte elastase, specific activity 
92%, was purified from outdated WBC concentrates or from puru- 
lent sputum.*!* Human @-thrombin and -y-thrombin were prepared 
and stored at - 70°C in 0.75 mol/L of NaCl at concentrations of 2 
to 4 mge/mL.'*"" As determined by active-site titration (p-nitrophe- 
nyl-p’-guanidinobenzoate), the specific activities of the a-thrombin 
and y-thrombin preparations were 95% and 78%, respectively.'*"” 
Antithrombin IHH was obtained as a gift from the American Red 
Cross Fractionation Center, Bethesda, MD. As analyzed by sodium 
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), 
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thrombin (T,) retained full amidolytic activity: however, the 
concentration of T, causing 50% maxima! platelet aggre- 
gation and adenosine triphosphate (ATP) release was 7.9 
nmol/L (1.1 nmol/L for a-thrombin and 220 nmol/L for 
-thrombin). Fibrinogen clotting activity of T, and y-throm- 
bin was 32% and 1% that of a-thrombin, respectively. 
Elastase released during the coagulation process may 
modulate thrombin activity. In addition, elastase-modified 
thrombin may be a useful probe of the structure and 
function of the y-cleavage region. 
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the inhibitor migrated as a single band; >96% of the antithrombin 
IH formed a higher mol-wt complex with a-thrombin. 

Proteolysis of a-thrombin by elastase. a-Thrombin (~10 pmo / 
L) was incubated with elastase (thrombin/elastase molar ratios 
from 1:1 to 100:1) for various times (37 °C) in 0.02 mol/L of Trizma 
base (Tris), pH 7.4, or in Tris buffer containing 0.15 mol/L of NaCl. 
Incubations were performed in the presence or absence of | U/ml. of 
sodium heparin (140 U/mg) from porcine intestine (Elkins-Sinn, 
Cherry Hill, NJ). The reaction was stopped either by incubating for 
10 minutes (37°C) with 0.7 mmol/L of MeO-Suc-Ala-Ala-Pro- 
Val-CH,C] (Enzyme Systems Products, Livermore, CA} to inhibit 
elastase activity” or by boiling in SDS as detailed later. Samples 
were quantitated for residual elastase activity with Mef)-Suc- 
Ala-Ala-Pro-Val-CH,CI (Enzyme Systems Products} as de- 
scribed.”! Only those samples demonstrating >95% inhibition of 
initial activity were used in the following studies. 

SDS-PAGE. Samples for electrophoresis (4 to 8 ug per lane) 
were mixed with an equal volume of 0.06 mol/L of Tris, 2% SDS, 5% 
glycerol, 0.001% bromphenol blue, and 2% dithiothreitol (SDS- 
DTT), solubilized by heating at 100°C for 3 minutes, and stored 
(70 °C). SDS-PAGE was performed by the method of Laemmli,” 
using a 3.8% stacking gel and a 9% to 18% gradient separation gel. 
Electrophoresis was terminated when the buffer front was | cm from 
the bottom of the gel. Gels were fixed in 25% isopropanol and 10% 


erent irene ITA: eet Geen APL i 





From the Specialized Center for Research in Thrombosis, Divi- 
sion of Hematology-Oncology, Department of Medicine, The New 
York Hospital-Cornell Medical Center; the Department of Physiol- 
ogy, Wayne State University, Detroit; and the Wadswarth Center 
for Laboratories and Research, New York State Department of 
Health, Albany. 

Submitted July 17, 1986; accepted October 3, 1986. 

Supported by US Public Health Service and by granis No. 
H1-18828 (Specialized Center of Research in Thrombosis} and ROI 
HL-32166 (M.S.B.), HL-27073 (D.A.W.), and HL-13160 (2. W.F}. 

Address reprint requests to Dr M.S. Brower, Specialized Center 
for Research in Thrombosis, Division of Hematology-Oncology. 
Department of Medicine, The New York Hospital-Cornell Medical 
Center, 1300 York Ave, New York, NY 10021. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely te 
indicate this fact. 

© 1987 by Grune & Stratton, Inc. 

0006-497 1/87/6903-00 183 3.00/0 


813 


814 


acetic acid prior to being stained with Coomassie blue (0.1%). 
Densitometry was performed at 633 nm using an LKB Ultroscan 
Laser Densitometer and LKB model 2210 dual-channel recorder. 

Mol wt markers included phosphorylase b (mal wt 94,000), bovine 
serum albumin (BSA) (mol wt 67,000), ovalbumin (mol wt 43,000), 
carbonic anhydrase (mol wt 30,000), soybean trypsin inhibitor (mol 
wt 20,100), a-lactalbumin (mol wt 14,400), and aprotonin (mol wt 
6,500), 

Interaction of elastase-modified thrombin with antithrombin 
IHI a-Thrombin (11 pmol/L) was incubated either alone or with 
elastase (1.7 pmol/L) for 60 minutes (37 °C) in 0.02 mol/L of Tris 
pH 7.4 containing | U/mL of porcine intestinal heparin. The 
mixture was incubated for 10 minutes (37 °C) with 0.7 mmol/L of 
MeO-Suc-Ala-Ala-Pro-Val-CH,C] prior to addition of antithrom- 
bin IHI (30 wmol/L). Samples were taken at various times for 
analysis by SDS-PAGE. 

Amino acid sequence of elastase-modified thrombin. Samples 
were prepared for sequencing as described” by extensive dialysis 
against 0.1% trifluoroacetic acid (TFA) and freeze-drying. The final 
thrombin product (210 ug) was dissolved in 0.1% TFA, and one-half 
(2.6 nmol) was applied to a Beckman 890M spinning cup sequencer. 
The resultant phenylthiohydantoin (PTH) derivatives were resolved 
on a Beckman Ultrasphere 5-um ODS column using a Waters 50] 
pump, 440 detector (254 nm) and 740 integrating recorder. Isocrac- 
tic separation of the common PTH amino acids was achieved at 
55 °C with 0.01 mol/L of sodium acetate, pH 4.54 and acetonitrile 
(38:62, vol/vol) at a flow rate of | mL/min, PTH yields were 
automatically calculated by peak area and expressed as a percentage 
of the respective 200-pmol standard. Duplicate thrombin samples 
were subjected to sequence analysis. 

Amidolytic activity. Samples of a-thrombin and elastase- 
treated thrombin (>95% conversion to the cleaved form on SDS- 
PAGE) were analyzed for amidolytic activity with Tos-Gly-Pro- 
Arg-paranitroanalide (GPA, Vega) by modification of the method 
of Kirchof and colleagues.“ GPA was dissolved in methanol (14 
mg/mL). Duplicate dilutions of thrombin (0.3 to 270 nmol/L) in 
Tris 0.2 mol/L, pH 7.4 containing | mg/mL of BSA (Sigma) were 
incubated at 23 °C (final volume 0.2 mL per well) with GPA (0.5 
mg/mL) in 96-well microtitration plates (Nunc). Color develop- 
ment at 405 nm was followed on a Titertek Multiscan photometer 
(Flow Laboratories, McLean, VA). The change in absorbance per 
minute was subtracted from the values obtained in wells that did not 
contain thrombin. Plots of color development with time demon- 
strated a linear relationship. 

Fibrinogen clotting activity. Human fibrinogen (Kabi Grade L) 
was dissolved in 0.3 mol/L of NaCl, 0.1 mol/L of sodium citrate pH 
6.4, containing 0.01 mol/L of eaminocaproic acid (Aldrich, Mil- 
waukee), and stored (—70 °C). For thrombin assays, fibrinogen was 
diluted (6.4 mg/mL) in 10 mmol/L of imidizole, 10 mmol/L of 
CaCl,, 0.15 mol/L of NaCl pH 7.4. Aliquots (0.09 mL) were 
prewarmed to 37 °C prior to the addition of various concentrations of 
thrombin prepared in 0.2 mL of the same buffer (37 °C) containing 
0.1% BSA. Clotting time was determined by fibrometer (Becton 
Dickinson No. 60415). 

Platelet stimulation studies. Washed platelet suspensions were 
prepared by modification of the technique of Mustard and co- 
workers as described.****’ Platelet stimulation studies were per- 
formed at 37°C with 0.45-mL aliquots of washed platelets (2 x 
10°/mL) stirred at 1,000 rpm in a Chrono-Log model 460 Lumi- 
Dual double-channel aggregometer. Aggregation and luminescence 
in each channel was recorded with a Chrono-Log model 703 strip 
chart dual-pen recorder. Aggregation was quantitated by planime- 
try.” Results were expressed as percentage of the area under the 
control curves. 

Secretion was measured by the luminescence reaction of secreted 
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ATP with 4 uL of firefly luciferin and luciferase (40 mg/mL, 
Chrono-Lume No. 395, Chrono-Log) added 1 to 5 minutes prior to 
stimulation of the platelets.” Secretion was measured as the 
maximum increase in fluorescence and expressed as the percentage 
of the increase in the control. 

The threshold stimulus determined for individual platelet prepa- 
rations was defined as the lowest concentration that caused =90% 
increase in light transmission at 5 minutes when added to stirred 
platelets at 37°C” and resulted in fluorescence at least 90% of 
maximum. Immediately after measurements of aggregation and 
secretion, 40 umol/L of ATP (Sigma FF-ATP, | mg/mL, and 40 
mg/mL of MgSO, - 7 H,O) was added for instrument calibration. 


RESULTS 


Incubation of a-thrombin with elastase. a-Thrombin 
was incubated alone or with elastase for various times 
(37 °C). After MeO-Suc-Ala-Ala-Pro-Val-CH,CI was ad- 
ded to inhibit elastase activity, samples were reduced, elec- 
trophoresed, and stained with Coomassie blue. The B chain 
of thrombin migrated as a single band at mol wt 32,500 after 
incubation for 0 to 30 minutes with buffer alone (Fig 1, lanes 
9 through 10). The small (mol wt) a-thrombin A chain was 
not visualized in this system.'® Incubation of thrombin with 
elastase (thrombin/elastase molar ratio 8:1) resulted in 
proteolysis (lanes | through 4). After incubation with elas- 
tase for 15 seconds, lower mol wt bands were observed (lane 
1). Those at mol wt ~28,000 co-migrated with the elastase 
isomers” seen in the elastase controls (lanes 11 and 12). New 
bands also appeared at mol wt 21,000, 16,000, and 15,000. 
These bands were diminished or absent if elastase was 
inactivated with a,-antitrypsin (experiment not shown) or 
with greater concentrations of MeO-Suc-Ala-Ala-Pro-Val- 
CH,CI prior to the addition of SDS to the mixture. This 
Suggests that these peptides may result from either (a) 
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Fig 1. Effect of heparin on thrombin proteolysis. a- Thrombin 
(10 umol/L) was incubated (37 °C) with elastase (1 umol/L) in 0.02 
mol/L of Tris pH 7.4 with (lanes 1 through 4) or without (lanes 5 
through 8) of heparin (1 U/mL). After various times, MeO-Suc- 
Ala-Ala-Pro-Val-CH,Cl (0.7 mmol/L) was added to inhibit elastase 
activity. Samples were electrophoresed (5 ug thrombin per lane) 
and stained with Coomassie blue. The a-thrombin controls at O 
and 30 minutes are shown in lanes 9 and 10, respectively; those for 
elastase are shown in lanes 11 and 12. 
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clastase-proteolysis of SDS-denatured thrombin or (b) stim- 
ulation of elastase activity by SDS. 

With longer incubations (lanes 2 through 4), the concen- 
tration of thrombin B chain at mol wt 32,500 was dimin- 
ished; by 30 minutes proteolysis of 50% of the thrombin B 
chain occurred. The three bands at mol wt 21,000, 16,000, 
and 15,000 were no longer apparent after 30 minutes, and 
two additional bands representing core fragments appeared 
at mol wt 18,500 and 13,500, designated fragment I (F1) and 
fragment II (FII), respectively. In four separate experi- 
ments, the mol wt of FI ranged from 17,000 to 18,500, and 
that of FII ranged from 12,000 to 13,500. 

In experiments not shown, FI and FII could not be 
separated under nondenaturing conditions (0% to | mol/L of 
NaCl; 0% to 3% Triton X-100, Sigma, St Louis). This 
suggests that FI and FII are held together by strong noncov- 
alent interactions, as reported for the y-thrombin B chain 
fragmentation peptides.” >” 

Heparin binds to both thrombin and elastase.” “ There- 
fore, the effect of heparin on elastase-mediated proteolysis of 
a-thrombin was examined. a-Thrombin was incubated with 
elastase in Tris buffer with | U/mL of heparin (lanes 5 
through 8). Within 15 seconds after the addition of elastase 
to a-thrombin, FI and FII were observed (lane 5). The 
breakdown products at mol wt 21,000, 16,000, and 14,000 
seen in lanes | and 2 were not observed in the presence of 
heparin. Within 3 minutes (lane 6), >50% of a-thrombin was 
proteolyzed to FI and FII; by 30 minutes (lane 8), the 
conversion of a-thrombin to FI and FIH was complete. 

These results indicate that heparin accelerates elastase- 
mediated proteolysis of a-thrombin. They also suggest that 
heparin protects a-thrombin from conversion into the mol wt 
21,000, 16,000, and 14,000 fragments. 

Elastase cleavage of factor IX is less extensive in the 
absence of calcium.* Therefore, the above experiments were 
performed in the presence of CaCl, (2 to 6 mmol/L). 
Calcium did not alter or inhibit proteolysis of thrombin by 
elastase. 

When analyzed on SDS-PAGE without disulfide bond 
reduction, thrombin fragments FI and FI were identified at 
mol wt 23,000 and 13,500 (gel not shown). The increase in 
the mol wt of FI prior to reduction suggested that it was 
covalently linked to the thrombin A chain. 

Interaction of elastase-modified thrombin with anti- 
thrombin III: Identification of the active-site—containing 
fragment. To determine if FI or FII contained the active- 
site serine, antithrombin III] was incubated either with 
a-thrombin or with the elastase-modified protease in the 
presence of | U/mL of heparin (inhibitor/enzyme molar 
ratio ~3:1). After various times, samples were analyzed by 
SDS-PAGE (Fig 2). a-Thrombin incubated in the presence 
of elastase (lane |) was converted into the elastase-modified 
form, as indicated by the presence of FI and FII. A faint 
band representing elastase was seen at mol wt 28,000. Lane 2 
contained a-thrombin incubated in the absence of elastase 
for comparison, and lane 3 contained antithrombin III (mol 
wt 58,000). Incubation of antithrombin III with the modified 
thrombin for 15 seconds, 5 minutes, and 60 minutes (lane 4, 
5, and 6, respectively) resulted in formation of a band at mol 
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Fig 2. Interaction of elastase-modified thrombin with anti- 
thrombin Ill. a- Thrombin (11 umol/L) was incubated either alone 
or with 1.7 umol/L of elastase at 37 °C prior to incubation at 37 °C 
(10 minutes) with MeO-Suc-Ala-Ala-Pro-Val-CH,C! (0.7 mmol/L). 
Antithrombin Ill (30 uwmol/L) was added to the mixtures, and 
samples were taken for analysis at various times. Lane 1, elastase- 
modified a-thrombin; lane 2, a-thrombin control; lane 3, anti- 
thrombin Ill control; lanes 4 through 6, incubation of antithrombin 
lll with elastase-modified thrombin shown in lane 1 for 15 seconds, 
5 minutes, and 60 minutes, respectively; lanes 7 through 9, 
incubation of antithrombin Ill with a-thrombin shown in lane 2 for 
15 seconds, 5 minutes, and 60 minutes, respectively; lanes 10 and 
11, a-thrombin was incubated with antithrombin for 5 minutes as 
in lane 8 prior to the addition of elastase (1.7 pmol/L). Samples 
were taken at 15 seconds (lane 10) and 5 minutes (lane 11). 
Positions of the mol wt markers are indicated on the right. 


wt 72,000, the mol wt compatible with that of a complex 
between antithrombin III (mol wt 58,000) and FII (mol wt 
13,500). In addition, after 1 5-second incubation (lane 4) the 
intensity of free FII was diminished relative to Fl; within 5 
minutes of incubation (lane 5), FII was no longer apparent. 
These findings suggest that the active-site serine is contained 
within FII. 

For comparison, antithrombin II] was incubated with 
a-thrombin for 15 seconds, 5 minutes, and 60 minutes, 
respectively (lanes 7 through 9). The a-thrombin—antithrom- 
bin II] complex was visible at mol wt 88,500. A faint band 
was apparent at mol wt ~72,000, with electrophoretic mobil- 
ity similar to the Fll—antithrombin III complex. This mol wt 
~72,000 complex has been shown to be the result of degrada- 
tion of the a-thrombin—antithrombin complex by free throm- 
bin.*** The relationship of this complex to the FH- 
antithrombin complex remains undetermined. 

These results demonstrate that antithrombin III inhibits 
elastase-modified thrombin by combining with the active- 
site serine within FII. These findings suggest that elastase 
cleaves the a-thrombin B chain in the vicinity of the y- 
cleavage site.“ This results in the formation of an NH,- 
terminal fragment (FI), mol wt 18,000, that is disulfide 
linked to the thrombin A chain and a COOH-terminal! 
fragment (FII), mol wt 13,000, containing the active-site 
serine. 
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To determine if elastase can degrade preformed a-throm- 
bin—antithrombin complexes, thrombin was incubated with 
antithrombin for 5 minutes as in lane 8 prior to incubation 
with elastase (thrombin/elastase molar ratio 9:1). Fifteen 
seconds after addition of elastase (lane 10), a complex was 
observed at mol wt 72,000; by 5 minutes (lane 11), the 
a-thrombin—antithrombin complex at mol wt 88,500 was 
markedly reduced in intensity, and protein at mol wt 72,000 
was increased. A faint band migrated at mol wt 16,000. 
Neither fragment FI nor fragment FH was observed in lanes 
10 or 11, and there was an increase in stained material 
moving just behind the buffer front. These findings suggest 
that elastase cleavage of the a-thrombin—antithrombin com- 
plex may differ from cleavage of free a-thrombin. 

Amino acid sequence of elastase-modified throm- 
bin. Because the thrombin samples were analyzed directly 
after proteolysis, at least one new amino terminal sequence 
was anticipated, in addition to the usual A chain and B chain 
sequences. Amino acid analysis confirms the presence of a 
new NH,-terminal sequence corresponding to residues 151 
through 156 of the human B chain of thrombin (Table 1). 
Residues | (Asn), 4 (Lys), and 6 (Gin) are unequivocal; the 
yields at residues 2 (Val), 3 (Gly), and 5 (Gly) are in excess 
of theoretical yields, assuming that only one or two peptides 
exist. Further efforts are under way to resolve these compo- 
nents so that peptide yields and the extent, if any, of protein 
fragmentation at the carboxy terminal regions of the three 
constituent polypeptides detected there can be quantitatively 
determined. 

Amidolytic activity of elastase-modified thrombin. In- 
creasing concentrations of elastase-modified thrombin were 
added to microtitration plate wells containing GPA (Fig 3). 
Color generation was proportional to the concentration of 
enzyme in the range of 13.6 to 272 nmol/L. The amidolytic 
activity of the modified enzyme appeared to be nearly 
identical to that of a-thrombin. 

Fibrinogen clotting activity of elastase-modified throm- 
bin. The fibrinogen clotting activity of elastase-modified 
thrombin (>98% conversion to the modified form in the 
presence of heparin 1 U/mL) was compared with that of a- 
and y-thrombin (Fig 4). At each thrombin concentration, the 
clotting time of the modified thrombin was greater than that 


Table 1. Sequence of Elastase-Treated Human a- Thrombin 


Amino Acid Detected 


Cycle A-chain B-chain Additional Peptide 
1 Thr (0.6) lle (1.2) Asn (0.8) 
2 Phe (1.0) Val (1.9) Vai (1.9) 
3 Gly (1.6} Glu (0.5) Gly (1.6) 
4 Ser (NQ) Gly (0.7) Lys (0.8) 
5 Gly (1.4) Ser (NQ) Gly (1.4) 
6 Glu (0.6) Asp (0.4) Gin (0.3) 


Human a-thrombin (2.6 nmol} was subjected to sequence analysis. 
Yields (in parentheses) are corrected to final yield, expressed in nano- 
moles. The sequence, Additional Peptide, corresponds to residues 151 
through 156 of the human thrombin B-chain. 

Thr, threonine; He, isoleucine; Asn, aspargine; Phe, phenylalanine; Val, 
valine; Gly, glycine; Glu, glutamic acid; Ser, serine: Lys, lysine; Gin, 
glutamine, NQ, not quantitated. 
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Fig 3. Amidolytic activity of elastase-modified thrombin. a- 
Thrombin {T} or elastase-modified thrombin (T,) was diluted (0.3 
to 270 nmol/L) in buffer and incubated at 23°C with Tos- 
Gly-Pro-Arg-paranitroanalide (GPA) (0.5 mg/mL). Color develop- 
ment was analyzed as detailed in the Materiais and Methods 
section. Each point is the average of duplicate determinations. 
Curves were determined by linear regression analysis. For T, y = 
39.2x — 33.2 {r = 0.988); for T. y = 39.7x — 41.4 {r = 0.968). 


of a-thrombin but less than that of y-thrombin. As deter- 
mined by comparing the slopes of the three lines obtained by 
linear regression analysis (Fig 4 legend), elastase-modified 
thrombin was 32% as potent as a-thrombin in clotting 
fibrinogen; y-thrombin was 1% as potent as a-thrombin. The 
relative slopes of the three curves were unaltered by the 
presence or absence of heparin or by the addition of elastase 
to a-thrombin immediately prior to mixing with fibrinogen 
(experiments not shown). 

Platelet stimulatory activity of elastase-modified throm- 
bin. To compare the platelet-stimulatory activity of elas- 
tase-modified thrombin with that of a-thrombin and y- 
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Fig 4. Fibrinogen clotting activity of elastase-modified throm- 
bin. a-Thrombin (T), elastase-modified thrombin {T,)}. or y-throm- 
bin {T,) was diluted in buffer and prewarmed to 37°C. After 
fibrinogen was added (2.0 mg/mL), fibrin clotting time was deter- 
mined as detailed in the Materials and Methods section. Each point 
represents an individual clotting time measurement. Curves were 
determined by linear regression analysis. For T, y = 77.7x + 17.02 
(r = 0.968); for T,, y = 245.6x ~ 8.66 (r = 0.992); and for TL, y = 
6629x + 12.44 ír = 0.941). Study shown is representative of 
studies om four separate T, preparations. Equivalent concentra- 
tions of T, Te and T, had similar amidolytic activities against 
Tos-Gly-Pro-Arg-paranitroanilide (GPA). 
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Fig 5. Platelet stimulation by elastase-modified thrombin. 
Washed platelets (2 x 10°/mL) were stirred in the presence of 
luciferin and luciferase for 1 minute at 37 °C prior to the addition of 
elastase-modified thrombin (T,), a-thrombin {T}, or y-thrombin 
(T,, inset). Aggregation was recorded as the increase in light 
transmission and quantitated by planimetry. Results were 
expressed as percentage of the area under the control curves. 
Secretion was expressed as the maximum increase in fluores- 
cence expressed as a percentage of the increase in the control. 
Equivatent concentrations of T, T, and T, had similar amidolytic 
activity against Tos-Gly-Pro-Arg-paranitroanilide (GPA). 


thrombin, platelet aggregation and secretion were measured 
simultaneously with a lumi-aggregometer. Examples of stan- 
dard curves of a-thrombin—induced platelet aggregation and 
ATP-mediated luminescence are shown in Fig 5. The con- 
centration of a-thrombin required to liberate 50% of maxi- 
mally releasable ATP from platelets was 1.1 nmol/L. This 
was similar to the concentration required to cause 50% of 
maxima! aggregation. In contrast, the concentration of modi- 
fied thrembin required to liberate 50% of releasable ATP 
and to cause 50% of maximal aggregation was ~7.9 nmol/L. 
As a result, both curves representing aggregation and 
secretion were shifted to the right. Using the concentration 
required to produce 50% maximal stimulation for compari- 
son, the modified thrombin was ~14% as potent as a- 
thrombin in stimulating both platelet aggregation and plate- 
let release. In three additional experiments using three 
different preparations of the modified thrombin, the modi- 
fied thrombin was 10% to 19% as potent as a-thrombin. 

y-Thrombin was a less potent platelet stimulus than 
elastase-modified thrombin (Fig 5 insert). The concentration 
required to cause 50% of maximum platelet aggregation and 
release was ~220 nmol/L (0.5% as potent as a-thrombin). 

Elastase has been reported to inhibit thrombin-induced 
platelet aggregation and secretion.” The final concentration 
of elastase in the cuvette (<3.5 nmol/L), however, was less 
than that required to inhibit platelet function in this system.’ 
In addition, incubation of similar concentrations of chloro- 
methyl ketone inhibited elastase (95% inhibited by MeO- 
Suc-Ala-Ala-Pro-Val-CH,Cl) with a-thrombin (0 to 60 min- 
utes) did not inhibit thrombin-induced platelet aggregation 
or secretion. 


DISCUSSION 


These studies demonstrate that human a-thrombin, upon 
proteolysis by PMN elastase, exhibits diminished fibrinogen 
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clotting activity and diminished platelet stimulatory activity, 
as measured by platelet aggregation and platelet ATP 
release. Loss of a-thrombin function is associated with 
limited cleavage of the thrombin B chain. 

The concentration of prothrombin in plasma is sufficient 
to generate ~150 U/mL of a-thrombin.”*’ In addition to 
being inactivated by circulating inhibitors, a-thrombin selec- 
tively binds to fibrin, thereby becoming less susceptible to 
inactivation by its plasma inhibitors.“°° These studies sug- 
gest that fibrin acts as a reservoir for enzymatically active 
thrombin. Human PMNs release elastase as blood clots*”; in 
addition, PMNs penetrate preformed blood clots, accumu- 
late within thrombin, and ingest fibrin! Recently, Weitz 
and co-workers documented that the fibrinogen peptide 
Aal-21 is a specific in vivo indicator of elastase-mediated 
proteolysis of fibrinogen and higher levels of Aal-21 were 
found in patients with q@,-antiprotease deficiency than in 
healthy controls. In a similar manner, the limited digestion 
of a-thrombin by elastase could be an important physiologic 
mechanism for regulation of the activity of both free and 
fibrin-bound thrombin. 

PMN elastase cleaves the thrombin B chain at Ala 
150-Asn 151. This site is four amino acids to the NH, 
terminal side of the autoproteolytic or tryptic -y-thrombin 
cleavage site; the 8 domain is not cleaved. Proteolysis by 
PMN elastase occurs in areas rich in apolar amino 
acids.” In contrast to the positively charged thrombin 8 
cleavage domain, the y cleavage site (Lys 154-Gly 155) 
resides within a domain containing several apolar amino 
acids.** ** This area should be susceptible to cleavage by 
elastase.” These considerations are compatible with our 
findings that the larger NH,-terminal fragment, FI (mol wt 
~ 18,000) is disulfide linked to the thrombin A chain; and the 
smaller COOH-terminal fragment, FH (mol wt ~ 13,000) 
contains the active-site serine, as indicated by the recovery of 
a covalent bond between FH and antithrombin Hl. These 
results are supported by the recent report that porcine 
pancreatic elastase also cleaves a single peptide linkage in 
prothrombin corresponding to Ala 150-Asn 151 within the 
a-thrombin B chain, thereby facilitating localization of the 
staphylocoagulase-binding region to the COOH-terminal 
fragment.” 

PMN elastase binds to glycosaminoglycans of biologic 
importance, including heparin, heparin sulfate, dermatan 
sulfate, chondroitin sulfate, and hyaluronic acid.’ Although 
glycosaminoglycans inhibit the amidolytic activity of elas- 
tase against a small oligopeptide substrate,’ heparin stimu- 
lates elastase-mediated proteolysis of elastin.” Thus, our 
finding that heparin accelerates elastase-mediated proteoly- 
sis of a-thrombin is not without precedent. It also suggests 
that the physiologic interaction of elastase with thrombin 
might be a surface-mediated phenomenon. Finally, because 
heparin binds to both thrombin and elastase,“ a template 
mechanism similar to that for the thrombin-antithrombin 
IHH reaction is implied, whereby the interaction of both 
thrombin and elastase with heparin are involved in the 
expression of catalytic activity. 

Elastase-modified thrombin might be an important probe 
of the thrombin y cleavage domain. In marked contrast to 
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autolytic or tryptic digestion of a-thrombin,’®** elastase- 


mediated proteolysis of the y region does not require proteol- 
ysis near the 8 cleavage site prior to cleavage in the y region. 
Cleavage at the 8 site reduces fibrinogen clotting activi- 
ty.“*’ Therefore, it is not surprising that the elastase- 
modified enzyme, with an intact 8 domain, retains some 
fibrinogen clotting activity. Likewise, we found (Fig 5) that 
the platelet stimulatory activity of elastase-modified throm- 
bin (14% that of a-thrombin) is greater than that of y- 
thrombin (0.5% that of a-thrombin). These findings, con- 
firming the results of others for human y-thrombin,™ suggest 


BROWER ET AL 


that thrombin-induced fibrinogen clotting and platelet stim- 
ulation are altered by cleavage near the y cleavage site. In 
contrast, cleavage near the y cleavage site does not appear to 
inhibit inactivation by antithrombin IIL.” The limited digest 
of a-thrombin by elastase should prove useful in the investi- 
gation of the structure and function of human thrombin. 
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Variability of the Erythropoietic Response in Autoimmune Hemolytic Anemia: 
Analysis of 109 Cases 


By Jane L. Liesveld, Jacob M. Rowe, and Marshall A. Lichtman 


One hundred-nine cases of autoimmune hemolysis were 
reviewed to determine the frequency of reticulocytopenia, 
the state of the erythroid marrow in reticulocytopenic 
cases, and the course of reticulocyte production indices 
with time and glucocorticoid treatment. The mean hemato- 
crit at presentation was 24 mL/dL, but 30% of cases had an 
initial hematocrit <20 mL/dL. Median reticulocyte per- 
centage at diagnosis was 9%, and median reticulocyte 
production index was 2.8 times basal. Twenty percent of 
cases had an initial reticulocyte count <4%, and 37% had 
an initial reticulocyte production index <2.0 times basal. 
These reticulocytopenic patients were nearly evenly dis- 
tributed between warm and cold antibody-mediated cases 
and between primary and secondary cases. Fifty-four per- 
cent of reticulocytopenic cases had a bone marrow ex- 
amination during hospitalization. Three-fourths of these 
marrows showed erythroid hyperplasia. and erythroid 
hypoplasia was seen in only one case. Eighty-eight cases 


UTOIMMUNE hemolytic anemia has a wide spectrum 
of expression.'” Its onset can be abrupt and severe and 
can lead to a rapid and profound decrease in the hemoglobin 
concentration, which in elderly or chronically ill patients can 
result in death. In other subjects, RBC sensitization with 
antibody may not be associated with clinically evident 
hemolysis. This wide variability in the degree of shortening 
of RBC survival is further complicated by the variability in 
the response of the erythroid marrow to anemia. In most 
cases, a good reticulocyte response occurs and, in some cases, 
the combination of severe hemolysis and a brisk marrow 
response can lead to a situation in which all or nearly all of 
the erythrocytes in the blood are reticulocytes. The erythroid 
response, however, can be inappropriately low, and several 
reports or series™” have highlighted cases that have been 
associated with reticulocytopenia. 

In these studies, we have defined more formally the 
erythropoietic response of patients with autoimmune hemo- 
lytic anemia to determine the frequency of reticulocytopenia, 
the state of the erythroid marrow in the reticulocytopenic 
patient, and the effects of time and glucocorticoid treatment 
on the reticulocyte response. Associated blood cell changes, 
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had serial reticulocyte measurements, and in only 15% of 
patients did the reticulocyte production index remain <2.0 
times basal. Thus, in most cases, the initially low reticulo- 
cyte production index may represent a lag in marrow 
responsiveness to hemolytic stress. In cases with persis- 
tent reticulocytopenia, ineffective erythropoiesis is sug- 
gested by the frequency of marrow erythroid hyperplasia. 
in the cases that were initially reticulocytopenic and dem- 
onstrated an increase in reticulocyte production index, the 
magnitude of this increase was significantly greater in 
glucocorticoid-treated patients than in those not so 
treated, indicating that a glucocorticoid sensitive compo- 
nent exists in the marrow erythropoietic response to 
hemolysis. Awareness of the frequency of an initial reticu- 
locytopenia in cases of autoimmune hemolysis may be 
important in initial diagnosis and treatment. 

© 1987 by Grune & Stratton, inc. 


including the frequency of neutropenia and neutrophilia, of 
lymphopenia and lymphocytosis, and of thrombocytopenia 
and thrombocytosis are also presented. 


MATERIALS AND METHODS 


The medical records of 109 consecutive cases of autoimmune 
hemolysis at two University of Rochester hospitals (Strong Memo- 
rial Hospital and St Mary’s Hospital) from 1965 to 1985 were 
reviewed. Charts were located by means of a computerized numer- 
ical diagnosis coding system. Criteria for inclusion as a case of 
autoimmune hemolysis were (a) a positive direct Coombs’ test with 
anemia or clinical evidence for hemolysis or (b) a clinical diagnosis 
of autoimmune hemolytic anemia with elevated cold agglutinin titers 
in cases in which complete serologic test results were not available in 
the record (three cases). One case with a clinical diagnosis of 
Coombs’ negative autoimmune hemolytic anemia was also 
included. 

Age at diagnosis, year of presentation, sex, race, Coombs’ test 
results, and hematocrit at presentation were recorded for all 109 
patients. Initial reticulocyte counts were available in 108 cases. 
Other information recorded when available included the second. 
highest, lowest, and last reticulocyte counts during the hospital 
admission (88 patients), lowest and last hematocrit, first WBC count 
and WBC differential count, first platelet count, first mean corpus- 
cular volume (MCV), first serum lactic dehydrogenase (LDH), and 
first total and direct bilirubin measurements. The description of the 
marrow aspirate and biopsy was recorded when available. Historical 
information obtained included associated illnesses, treatment 
administered, and number of transfusions. Cases were classified 
according to the following hemolysis subtypes: primary warm anti- 
body, primary cold antibody, secondary warm antibody, secondary 
cold antibody, and drug-induced antibody. 

Adjustments of the reticulocyte count for hematocrit (corrected 
reticulocyte count) and for determination of reticulocyte production 
index (RPI) were made.™ Tests of statistical significance between 
group means or frequencies were done with Student's 7 test or 
chi-square test, respectively. ™ The microcoombs’ test was performed 
using the antiglobulin consumption technique.” Seram LDH and 
bilirubin were determined using standard laboratory procedures. 
Indirect bilirubin was calculated as the difference between total and 
direct bilirubin measurements. Group data are expressed as the 
mean + | SD unless otherwise specified. 
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ERYTHROPOIESIS IN AUTOIMMUNE HEMOLYSIS 


RESULTS 
Patient Characteristics and Type of Hemolytic Antibody 


One hundred-four of the the 109 cases in this study were 
diagnosed while they were inpatients. Patients ranged in age 
from 4 months to 91 years. Seventy-one of the cases (65%) 
were female, and 38 were male (35%). Ninety-five percent of 
the patients were white and 5% were black. 

Categories of hemolysis. Table 1 summarizes the fre- 
quency of hemolysis types identified by serologic and clinical 
studies. Nine of the drug-induced cases were associated with 
a-methyldopa” and one with procainamide.” Three cases 
were not classifiable into one of these categories: One case 
had mixed features (warm and cold antibodies) and one case 
was direct Coombs’ negative; in one case, the direct Coombs’ 
test was positive but the y and complement Coombs’ reagent 
results were lost from the record. Four cases in this series had 
positive microcoombs’ tests; ie, >40 molecules IgG per cell, 
when the direct Coombs’ test was negative. 


Presenting Hematocrits and Reticulocyte Counts 


Hematocrit. At the time of diagnosis, the median hema- 
tocrit of patients was 24 mL/dL; range 9 to 56 mL/dL. The 
patient with the initial hematocrit of 56 mL/dL had severe 
chronic obstructive lung disease and cor pulmonaie with 
higher baseline hematocrits. Figure | shows the cumulative 
frequency curve of presenting hematocrits. 

Reticulocyte counts. The median reticulocyte percent- 
age of patients at their presentation was 9% (range 0.4% to 
92%). The mean reticulocyte count corrected to a hematocrit 
of 45 mL/dL (corrected reticulocyte count) was 7.4 + 7.3 
(median 5, range 0.1 to 45). The mean RPI was 3.8 + 3.5 
times basal (median 2.8, range 0.06 to 19 times basal). 
Figure 2 shows the cumulative frequency curve of the initial 
reticulocyte measurements. Reticulocyte counts were avail- 
able in 108 of 109 patients. In the remaining case, the blood 
smear showed marked polychromatophilia, but this patient 
was excluded from analyses involving reticulocyte quantifi- 
cation. In the 88 cases in which serial reticulocyte counts 
were available, the first reticulocyte count was strongly 
correlated with the second reticulocyte count (r = .87, P < 
0001). In 80% of cases with serial reticulocyte values 
available, the second reticulocyte count was obtained within 
3 days of the first count. 

By linear regression analysis, the reticulocyte percentage 
was significantly inversely correlated with the presenting 


821 


100 P wa 
5 80 ra 
Š L 
È 49 Pa 
w / 
T: / 
= vA 
S 20 Fi 

x 


| 
9 0 7 2 2 @ BW 4 ak ae 53 
HEMATOCRIT (mi/di) 


Fig 1. The cumulative percentage of hematocrits obtained at 
diagnosis in 109 cases. Median hematocrit was 24 mL/dL, and 30% 
of cases had an initial hematocrit of <20 mt /dL. 


hematocrit (ry = —.35, P < .0O1), although the correlation 
was weak. The corrected reticulocyte percentage and RPI 
did not correlate significantly with presenting hematocrit. 
Table | shows the mean presenting hematocrits and reticulo- 
cyte values based on the type of hemolysis. Although primary 
cold antibody-mediated hemolysis cases had a higher mean 
hematocrit and lower reticulocyte production index, the 
sample size was too small to reach conclusions regarding the 
significance of these differences. 


Initial WBC and Platelet Counts 


WBC counts were obtained in 108 patients. The mean 
WBC was 10,602 + 6,571 cells/uL with a median of 9,000 
cells/uL. The range was 1,500 to 137,000 cells/uL. Three 
WBC values =30,000 cells/ul were excluded when the 
mean was calculated. Each of these three values occurred in 
a case of chronic lymphocytic leukemia. Median WBC 
counts were normal in both primary and secondary cases of 
warm hemolysis but were elevated in the primary and 
secondary cold antibody groups; 11,250 and 12,900 cells/uL, 
respectively. 

Thirteen percent of cases had a decreased total WBC 
(<4,500 cells/u L), and ~40% of all patients had an elevated 
total WBC (>11,000 cells/yL). All 14 cases with leukopenia 
at diagnosis had warm antibody-mediated hemolysis and 
were equally divided between primary and secondary types. 
Mean hematocrit in the leukopenic group was 25 + 8.6 
mL/dL (median 23 mL/dL), and mean RPI was 2.9 + 2.0 
times basal (median 2.5). Six of the 14 cases with leukopenia 


Tabie 1. First Hematocrit and Reticulocyte Count According to Type of Hemolysis 


Frequency 
Hemolysis of Cases 
Type 1%} in) 
Primary warm antibody 47 51 
Secondary warm antibody 22 24 
Primary cold antibody 7 8 
Secondary cold antibody 12 13 
Drug-induced 9 10 
Unclassified 3 3 
All cases 100 109 


Reticulocyte 








Hematocrit Reticulocyte Production index 
{mi /di} Count (%)} (x Basaj 
25 + 8.6(23) 18 + 20(10) 4.3 + 4,4(3) 
25 + 9.4(24) 14 + 12(9) 3.4 = 2.143) 
32 + 11({30) 9.6 + 11(4) 3.0 + 2.812} 
26 + 7.4(26) 11 + 7.18) 3.2 4 2.42) 
28 + 6.2(29) 13 + 10(10) 3.9 + 3.0(3) 
22 3.6 85 
26 + 8.8(24) 15 + 16(9) 3.8 + 3.843) 


laghai 


Data are presented as the mean + SD. Median values are shown in parentheses. Medians and SD are not shown for the three unclassified cases. 
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locyte percentage count obtained at diagnosis in 108 cases. 
Approximately 20% of patients had an initial reticulocyte count 
< 4%, 


also had platelet counts <120,000/uL, and one other case 
developed thrombocytopenia later. Seven of the 14 had a 
palpable spleen, and one had splenic enlargement by radio- 
nuclide scan. None of the cases with leukopenia had received 
myelosuppressive drugs, and none had marrow infiltrative 
disease. 

Of the patients with leukocytosis at presentation, approxi- 
mately one-third had cold antibody-mediated hemolysis. 
Forty percent of these cases had initial reticulocyte produc- 
tion indices <2.0 times basal, but none had thrombocytope- 
nia. Mean hematocrit in this group was 23 + 9.2 mL/dL. 
Figure 3A shows the cumulative frequency of the neutrophil 
count; Fig 3B shows the cumulative frequency of the lympho- 
cyte count. 

Initial platelet counts were available in 85 patients. An 
additional 19 patients had normal platelet estimates. Mean 
initial platelet counts did not differ significantly between 
subjects with warm antibody-induced or cold antibody- 
induced hemolysis. Figure 4 shows the cumulative frequency 
of initial platelet counts. Each of the 13 cases with thrombo- 
cytopenia at presentation was warm antibody-mediated, and 
these were divided approximately equally between primary 
and secondary types. Six of these cases had been given a 
clinical diagnosis of idiopathic thrombocytopenic purpura. 
One patient had chronic lymphocytic leukemia, and one had 
lymphoma with marrow involvement. Mean hematocrit in 
patients with thrombocytopenia was 30 + 7.6 mL/dL (me- 
dian 32), and mean RPI was 2.6 + 1.5 times basal (median 
2). In the 16 cases with thrombocytosis, 13 were warm 
antibody-mediated cases, two were secondary cold antibody- 
mediated cases in young adults, and one was a mixed warm- 
and cold-mediated case—also in a pediatric patient. Twelve 
of these 16 cases with thrombocytosis had a total WBC 
>11,000 cells/uL. Mean hematocrit in those cases with 
thrombocytosis was 21.3 + 6.4 mL/dL (median 21), and 
mean RPI was 3.9 + 4.6 times basal (median 2.4), 


Effect of Glucocorticoid Treatment on Reticulocyte Count 


Serial reticulocyte counts were available in 88 cases. 
Glucocorticoids were used in 65 of these 88 cases (Table 2). 
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Fig 3. (A) Cumulative percentage of absolute neutrophil 
counts based on first WBC differential count obtained in 102 
cases. Approximately 40% of cases had an absolute neutrophil 
count >7,000/uL. (B) Cumulative percentage of absolute lympho- 
cyte count based on first WBC differential count in 102 cases. 
Eighteen patients had an absolute lymphocytosis > 4,000/uL. Four 
patients had chronic lymphocytic leukemia, and five had cold 
antibody-mediated hemolysis. 


Thirty-nine of these 65 cases had an increase in RPI while on 
steroids; in the other 26, the production index either 
remained stable or decreased. As summarized in Table 2, 
those who demonstrated an increase in reticulocyte produc- 
tion index while on steroids had lower mean initial hemato- 
crits and RPlIs than did those without such reticulocyte 
response. The magnitude of the increase in RPI in response 
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Fig 4. Cumulative percentage of initial platelet counts in 85 
cases. Eighteen percent of patients had a platelet count 
<420,000/ uL and ~20% had a platelet count >400,000/uL. 
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Table 2. Effect of Glucocorticoid Treatment on RPI 
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Effect on 

Reticulocyte No. of 
Glucocorticoids index Cases 
Perey increase 39 

ministere f 

No increase 26 
None increase 14 

No increase 9 
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RPI, reticulocyte production index; Hct, hematocrit. 


to steroids (3.5 to 7.2 times basal) was significant as 
measured by the paired z test (P < .01). Seventy-five percent 
of cases reached their maximum RPI by 6 days after the 
initiation of glucocorticoid treatment, which represented the 
tenth day of hospitalization. 

Fourteen of the 23 patients not treated with glucocorti- 
coids also had an increase in their RPI. This mean increase 
(1.5 to 3.8 times basal) was also statistically significant (P < 
OL). Seventy-five percent of untreated cases attained their 
maximum increase in RPI by 10 days of hospitalization. 


Analysis of Features in Cases Presenting With Low RPI 
Figure 5 depicts the cumulative percentage graph of the 
initial RPI. Forty (37%) of the 108 cases with reticulocyte 
counts initially had an RPI of <2.0 times basal. About 30% 
of those with primary warm antibody-mediated disease, 30% 
with secondary warm antibody-mediated disease, 50% with 
primary cold antibody-mediated disease, 50% with second- 
ary cold antibody-mediated disease, and 30% with drug- 
induced disease had an initial RPI < 2.0 times basal. The 
higher percentage found in cases of cold antibody-mediated 
as compared with warm antibody-mediated hemolysis was 
not significantly different by chi-square test. A higher pro- 


oi 


100 


J 
40 l 
/ 


a 


CUMULATIVE PERCENTAGE 


0 4 8 2 kb D 


RETICULOCYTE PRODUCTION INDEX 
(times basal) 


Fig 5. Cumulative percentage of 108 cases with a given 
reticulocyte production index {RPI} at presentation. Production 
index was calculated based on initial reticulocyte percentage and 
hematocrit values on the same day as described in the Materials 
and Methods section. Thirty-seven percent of cases had an initial 
production index <2.0 times basal. 
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Day of Raticulocyte Reticulocyte 
Initial RPI index inex 
22 + 5.7 3.5 + 2.9 7.2 +43 
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23 + 7.2 1.5 + .93 3.8 + 1.8 
30 + 6.6 4.1+5.6 rome 
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portion of the group with an RPI = 2.0 was transfused (53% 
v 38%), and a lower proportion received steroids (65% v 
87%), although these differences were not statistically signif- 
icant by chi-square test. Mean hematocrit, platelet count, 
WBC, and serum LDH did not differ significantly between 
the two groups. The mean indirect bilirubin was significantly 
higher (3.3 + 2 v2.1 + 1 mg/dL) in those with production 
indices <2 times basal, perhaps a reflection of both hemolysis 
and ineffective erythopoiesis. 

As noted previously and in Table 2, 53 of 88 cases with 
serial reticulocyte values had an increase in RPI during 
hospitalization; in the other 35 cases, the index remained 
stable or decreased. As shown in Fig 6, 13 (15%) of the 88 
cases had a maximum RPI that was <2.0 times basal, 
indicating persistent reticulocytopenia during hospitaliza- 
tion. Fifty-four percent of the 13 cases with persistently low 
reticulocyte values received steroids. 

In 33 of 40 cases with initial RPI < 2.0, serial reticulocyte 
values were available. Twenty-five of the 33 or 76% had 
increases in RPI (1.2 to 4.1 times basal) (P < .01}. In 15 of 
these patients who received glucocorticoids, this increase was 
more substantial (3.9 + 3.6 times basal yv 2.3 + 2.06) than in 
those ten not receiving steroids (P < .01). Seventy-five 
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Fig6. Comparison of cumulative percentage of the initial and 
peak reticulocyte production indices in the 88 patients in whom 
serial reticulocyte values were obtained. Although 37% of patients 
had a reticulocyte index <2.0 times basal initially, only 15% did not 
reach a reticulocyte index >2.0 during serial observations. 
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percent of those receiving steroids had their highest RPI 
within 8 days of starting the hormone, which represented the 
twelfth hospital day. In the eight cases with an initial RPI < 
2.0 without a measured increase in reticulocyte production, 
50% had received steroids. 

Of the 55 cases with initial RPI > 2 and serial reticulocyte 
values, 28 (51%) had further increases in reticulocyte values 
during hospitalization. This increase was significant (4.6 v 
8.1 times basal) as measured by paired z test, and all but one 
of these 28 patients were treated with steroids. Seventy-five 
percent of these patients had attained their highest RPI by 
the tenth hospital day, and in 75% this occurred within 5 
days of starting steroid treatment. Twenty-two of the 27 
cases with initial RPI > 2 who had no rise in RPI had 
received steroids. 

A marrow aspirate or biopsy was performed in 21 of the 40 
patients with RPI < 2.0 (Table 3). Sixteen (76%) of these 
cases had erythroid hyperplasia. Only one patient had ery- 
throid hypoplasia. Three patients had marrow involvement 
with lymphoma or leukemia. 

Thirty-six of 68 cases diagnosed with an RPI > 2 had a 
marrow examination. Thirty-three (92%) had erythroid 
hyperplasia. In the other three cases, erythroid activity was 
not reported. One of these three cases showed marrow 
infiltration of small lymphocytes compatible with chronic 
lymphocytic leukemia, and another showed infiltration with 
breast carcinoma cells. 


DISCUSSION 


This series of cases of autoimmune hemolytic anemia 
shares many characteristics with prior reported series, 
including an ~70% incidence of warm antibody-mediated 
cases—~excluding drug-induced cases,’ an age range extend- 
ing from months to the tenth decade,*” and a case ratio of 
female to male of ~2:1. The spectrum of associated 
malignant and immunologic diseases is also similar to that 
found in prior series.”? 

Although a wide range of both initial hematocrits and 
reticulocyte counts occurs in patients with autoimmune 
hemolysis, >50% of cases are diagnosed with hematocrit 
levels <25 mL/dL. The wide range of reticulocyte values at 
diagnosis and the weak inverse correlation of initial reticulo- 
cyte percentage to hematocrit confirm that the range and 
severity of anemia reflect several interacting variables, 
including the rate of hemolysis, the degree of marrow 
response to the hemolytic anemia, and the duration of the 
anemia. 

The presentation of a significant proportion of patients 
with reticulocyte counts that do not suggest a marrow 
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response to hemolysis could lead to misdiagnosis of a hypo- 
prolifera:ive anemia or a missed diagnosis of immune hemo- 
lytic ane nia if a Coombs’ test is not obtained. Reticulocyto- 
penia may contribute to the decision to transfuse or to 
withhold glucocorticoids more frequently in individual cases, 
a tendency that was noted in this series. 

The subsequent increase in reticulocyte index in most 
patients who initially had reticulocytopenia is compatible 
with a more lengthy time dependency in their marrow 
response to hemolysis. The increase in reticulocyte index 
during hospitalization occurred as frequently in patients 
treated with glucocorticoids as in those not so treated. 
Pirofsky’"’ found that reticulocytosis usually occurred in 
patients with initially low reticulocyte counts with steroid 
therapy; however, no nontreated comparison group was 
reported in that series. In our study, glucocorticoid treatment 
did not seem to shorten the time to peak reticulocyte count in 
treated patients as compared with untreated patients. The 
difference in the peak reticulocytosis in glucocorticoid- 
treated patients as compared with untreated patients may 
indicate that the marrow response has a steroid-sensitive 
component as well. Glucocorticoid-treated patients had a 
peak reticulocyte index during serial study nearly twice that 
of untreated patients. A firm conclusion, however, cannot be 
drawn because this was not a prospective randomized study, 
and there may have been unidentified differences in the 
glucocorticoid-treated and untreated groups. 

It is dificult to ascertain the prevalence of reticulocytope- 
nia in autoimmune hemolysis from prior reports because 
patients in those studies were selected for type of hemolysis 
(warm v cold or primary v secondary), and reticulocyte 
production indices were not provided and reticulocyte values 
were not compared with hematocrit in individual cases. 
Allgood aad Chaplin? found that five of 47 idiopathic warm 
antibody-mediated cases had reticulocyte values <5%. In 
their review, Crosby and Rappaport® showed that 15 of 31 
idiopathic cases were reticulocytopenic, as were 12 of 23 
secondary cases. This series was based on case files from the 
Armed Forces Institute of Pathology, and the authors 
believed taat the series selected for severe cases. Pirofsky’ 
reported that 49% of reticulocyte counts were <2% in a 
group of 195 warm antibody-mediated cases. Pirofsky’s 
series included cases with positive antigiobulin tests without 
documentation of hemolysis as well as cases of autoimmune 
hemolysis, and it contained a high proportion of secondary 
cases (82%). Twenty-six percent of idiopathic cases and 
~50% of secondary cases had reticulocyte counts <2%. In 
secondary cases, low counts were not related to chemother- 
apy or marrow infiltration. 

Several mechanisms for reticulocytopenia in autoimmune 


Table 3. Marrow Erythroid Cellularity in Patients With Higher and Lower Reticulocyte Counts 
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marrow examination. Of the 68 other patients who had a reticulocyte index >2, 36 (52%) had a marrow examination. The patient with erythroid 


hypopiasia had systemic lupus erythematosus. 


ERYTHROPOIESIS IN AUTOIMMUNE HEMOLYSIS 


hemolytic disease have been proposed. Some series have 
contained rare or infrequent cases with marrow aplasia, 
marrow infiltration, or megaloblastic changes.”* In a case of 
autoimmune hemolysis and marrow erythroid hypoplasia, an 
autoantibody distinct from the autoantibody against mature 
RBCs that was inhibitory to marrow erythroid colony- 
forming units (CFU-E) was demonstrated.” Some reports 
have described cases with marrow aplasia and prolonged 
reticulocytopenia.>**""'*" others described episodic RBC 
aplasia,’° and still others described transient marrow aplasia 
with reticulocytopenia, especially in childhood, possibly 
related to viral infections.'°''* Circumstances providing a 
clear-cut explanation for the poor erythroid response (ie, 
erythroid aplasia, tumor replacement of marrow, folate 
deficiency, or infection) are rare. 

Marrow erythroid hyperplasia in reticulocytopenic cases 
of autoimmune hemolysis is also well described,?° 007"! 
and these cases comprise a far larger proportion of reticulo- 
cytopenic cases, as shown by our series. Cases of autoimmune 
hemolytic anemia, reticulocytopenia, erythroid cells in the 
marrow, but with inhibition of marrow erythroid colonies by 
patient plasma in vitro,’ and cases with retention of radioac- 
tive iron in the marrow and not in circulating RBCs” suggest 
that ineffective erythropoiesis can occur. The active ery- 
throid marrow in the reticulocytopenic cases in our report Is 
compatible with ineffective erythropoiesis. 

The wide variability in initial WBC and platelet counts 
that occurs in autoimmune hemolytic anemia is also sugges- 
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tive of a wide range of marrow output response to the anemia 
and the “stress” state. Most cases of leukocytosis could not 
be explained by an underlying disease. The frequent coupling 
of leukocytosis and thrombocytosis in individual cases sug- 
gests a trilineage marrow production increase, even though in 
some of these cases, an appropriate reticulocyte response was 
not mounted. (Theoretically, this finding could be compati- 
ble with competition among lineages for stem cell differen- 
tiation commitments). The percentage of cases diagnosed 
with leukocytosis tended to be greater in patients with cold 
antibody-mediated hemolysis. Cases of leukopenta or throm- 
bocytopenia occurred only in warm antibody—mediated 
cases, and underlying disease or splenomegaly did not 
usually account for these depressions of cell counts. The 
frequent coupling of leukopenia and thrombocytopenia is 
compatible with multiple lineage immune destruction in 
these cases, as first suggested by Evans and Duane in cases 
with prominent thrombocytopenia.” 

This series confirms and quantifies the wide range in the 
severity of anemia and in the marrow hematopoietic response 
to hemolysis in cases of autoimmune RBC destruction at the 
time of diagnosis. The significant proportion of cases diag- 
nosed with reticulocytopenia has pathogenetic implications. 
Awareness of this occurrence is important to enhance prompt 
and accurate diagnosis and proper therapy. 
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Multilineage Synergistic Activity Produced by a Murine Adherent 
Marrow Cell Line 


By Peter Quesenberry, Zengxuan Song, Elizabeth McGrath, lan McNiece, Richard Shadduck, 
Abdul Waheed, Gwen Baber, Ellen Kleeman, and Donald Kaiser 


We reported previously that a cell line (TC-1) derived from 
adherent marrow cells produced colony-stimulating factor 
1 (CSF-1) and a separate activity that acts synergistically 
with CSF-1 to stimulate giant macrophage colonies. We 
now report that an activity in TC-1 conditioned media (CM) 
separate from CSF-1 also synergizes multilineage colony 
formation by pure interleukin 3 (IL 3) and a crude source of 
granulocyte-macrophage colony-stimulating activity (GM- 
CSA) (murine lung-conditioned media). IL 3-induced 
megakaryocyte colony formation is also synergized. The 
CSF-1—dependent synergistic activity is not blocked by 
antibodies to IL 3 and is characterized as a nondialyzable 
(mol wt cutoff 3,000), heat-stable (56 °C, 30’) activity that 
binds to DE-52 cellulose under conditions in which IL 3 does 


REVIOUSLY WE reported that a cell line (TC-1) 
isolated by differential trypsinization from the adher- 
ent cells present in long-term murine marrow liquid cultures 
produced colony stimulating factor | (CSF-1)' and a sepa- 
rate factor that did not have intrinsic colony-stimulating 
activity (CSA) but that synergized with CSF-1 to give rise to 
giant macrophage colonies.’ Other researchers have reported 
on two separate activities that synergize with CSF-1: inter- 
leukin 3 (IL 3) and hemopoietin 1.°° IL 3 stimulates a wide 
range of colonies® and thus differs from activity present in 
TC-|-—conditioned media (CM). Hemopoietin-1, however, 
has no apparent intrinsic CSA and in this regard is similar to 
the TC-1 synergistic activity. In the present studies, we 
present biochemical, immunologic, and functional data indi- 
cating that the TC-1~derived synergistic activity is different 
from IL 3 or hemopoietin-!. In addition, we previously 
showed that crude CM (containing CSF-1) synergizes with 
IL 3 to stimulate giant mixed granulocyte-macrophage 
(GM)-megakaryocyte colonies. In this article, we extend 
those observations and demonstrate that the IL 3 synergy is 
not due to CSF-1. We show further that this activity 
potentiates a GM-CSA effect on bone marrow and stimu- 
lates the factor-dependent cell lines DA-1 and FDC-P1.’ 


MATERIALS AND METHODS 
Cell Lines 


TC-1 cell line. The TC-1 cell line, initially derived from 
C57B1L/6J murine marrow, was maintained in Fischer’s media 
supplemented with 20% fetal calf serum (FCS), penicillin, and 
streptomycin, The cultures were incubated at 33 °C in 5% CO, and 
trypsinized (0.1%) and passaged every 4 to 7 days. CM were 
collected, centrifuged at 1,500 g, filtered through a 0.45-um Milli- 
pore membrane, and stored at ~ 20 °C 

Factor-dependent cell lines. FDC-P1 cells’ (courtesy of Dr Jim 
ihle, Frederick, MD) were grown in RPMI 1640 (GIBCO, Grand 
Island, NY) with 10% FCS and 25% CM from the WEHI cell line 
(courtesy of Dr Jim thle). The cells were incubated at 37 °C and 8% 
CO, in 25-cm? Corning flasks. Flasks were inoculated with 2 x 10° 
cells/mL and split 1:10 twice a week. DA-1 cells (courtesy of Dr Jim 
Ihle) were handled in a similar fashion. 

Isolation of TC-1 CM-responsive FD cell lines. FDC-P1 cells 
were cloned in a soft-agar McCoy's clonal culture system (as used 
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not. This material has an apparent mol wt of ~ 200,000 by 
Sephadex G100 chromatography, and the bulk of it binds to 
Conconavalin A (Con A) and elutes off with a-methy!l 
mannoside, indicating that it is a glycoprotein. As reported 
separately, these purified active fractions also have a pre-B 
cell-inducing activity. In addition, a non—IL. 3 activity stimu- 
lates proliferation of the factor-dependent cell lines FDC- 
P1 and DA-1. These data indicate that an adherent marrow 
cell line produces a growth factor(s) that synergizes with IL 
3, GM-CSA, and CSF-1 and induces pre-B cell formation. 
This may be an important regulator of early multilineage 
lymphohemopoiesis. 
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for murine marrow colony-forming assays}? (described later), in the 
presence of 10% to 20% 10x TC- CM or 6% TC-1 CM partially 
purified by diethylaminoethanol (DEAE) chromatography. FDC- 
P| colonies that formed after 14 and 24 days of growth were 
aspirated with a microliter pipette and dispersed in 35-mm Petri 
dishes containing 2 mL of RPMI 1640, 10% FCS, and 50% TC-i 
CM. After 3 days, the cells were transferred to 60-mm Petri dishes 
iS mL) and 3 days later were transferred to 25-cm’ Corning flasks at 
2 x 10° cells/mL. The cells were then split 1:5 to 1:10 twice weekly 
with reseeding kept at 2 x 10° cells/mL. After 2 weeks, cells were 
maintained in RPMI, 10% FCS, with 25% TC-1 CM. 


Growth Factor Assays 


Clonal agar assays. Marrow cells from tibias and femurs of 
normal ICR (Dominion Labs, Dublin, VA) or normal BDF, (lack- 
son Labs, Bar Harbor, ME) mice, aged | I to 16 weeks, or BDP, mice 
given 150 mg/kg 5-fluorouracil (S-FU) intravenously (TV) 3 days 
prior to being killed were used as assay target cells. Alternatively, 
the factor-dependent cells FDC-P1 and DA-1 were used as assay 
cells in the same system. Growth factors were assayed using a 
modification of a double-layer agar technique’ or a single-layer 
technique.'° McCoy's media was supplemented with 0.8% minimal 
essential medium (MEM) essential amino acids, 0.4% MEM nones- 
sential amino acids, 2 mmol/L of L-glutamine, 16 ug/ml of 
_-asparagine, 8 ug/ml of L-serine, | mmol/L of sodium pyruvate, 
1 x 10° mol/L of 2-mercaptoethanol, and 15% pretested FCS. 
Marrow or factor-dependent cell line cells were included at different 
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concentrations directly in the 0.3% agar-McCoy’s layer. The sub- 
stances to be assayed for growth factor activity were included in 
different concentrations in the 0.5% agar-McCoy’s underlayer in 
most experiments with the double-layer systems; however, in some 
experiments using either single-layer or double-layer cultures, the 
stimulus was included in the 0.3% agar-McCoy’s layer. These soft 
agar cultures (35-mm Petri dishes, Linbro 24-well plates, microti- 
ters, or Terasaki dishes) were then incubated at 37 °C, 5% COQ, for 
varying time intervals (1 to 22 days), dependent on the particular 
experimental protocol. IL 3 purified from WEHI-3-—conditioned 
medium’’ was obtained from Dr James Ihle and CSF-1 purified 
from L cell CM” was obtained from Dr Richard Shadduck. Murine 
lung CM, prepared from ICR mice as previously reported, was 
used as a source of GM-CSA. Alternatively, CM from Conconavalin 
A (Con A)-stimulated Balb-C spleen cells was separated by DEAE- 
cellulose and Sephadex chromatography as described by Ihle and 
co-workers.'* Material separated from IL 3 and stimulating GM 
colony formation was used as a source of partially purified GM- 
CSA." The morphology of colonies was determined by microscopic 
analysis of whole agar mount slide preparations stained with either 
benzidine hematoxylin or acetyicholinesterase-hematoxylin as previ- 
ously reported.’ 


Colony Criteria 


Colonies of >50 cells were counted as granulocyte, macrophage, 
GM, or mixed megakaryocyte’ and colonies that contained three or 
more acetylcholinesterase-positive cells were scored as megakaryo- 
cyte colonies, Routinely, colonies were scored in agar dishes or whole 
agar mount slide preparations using an Olympus inverted micro- 
scope with an ocular micrometer as 0.5 to |, or >1, 2, or 3 mm in 
greatest diameter, and as compact or loose. The loose category 
included all other groupings, some of which had relatively small 
numbers of cells widely scattered over a 2- to 3-mm diameter. 

Mixed colonies were defined as colonies with at least 3 separate 
areas of the minor cell type or a single area of more than three cells. 
Almost all mixed colonies had > 20 cells of the minor type, and most 
GM colonies of >1 mm had large numbers of each cell type. Other 
special colony types are cited in the Results section. 


*HtdR Incorporation in Factor-Dependent Cell Lines 


The effects of factors on FDC-P1 or DA-1 7HtdR incorporation 
were assessed as described by Ihle and colleagues.'* The cells were 
washed three times with RPMI 1640 without WEHI-3 CM and 
resuspended in the same media at | x 10° cells/mL. Doubling 
dilutions of test samples were added to 12 microtiter wells at 50-¢L 
vol; 50 uL of cell suspension was then added to each microtiter well. 
Plates were then incubated at 37 °C, 5% CO, for 24 to 72 hours and 
pulsed with | wCi/well of *HtdR (specific activity 6.7 Ci/mmol) 5 
hours prior to harvest. Cells were harvested on a Skatron harvester; 
*HtdR incorporation was then determined by counting on a Beck- 
man Beta-scintillation counter. Results are expressed as cpm. 


CSF-1 Studies and Immunoadsorption 


CSF-1! levels were determined by radioimmunoassay (RIA), and 
antiserum to CSF-1! was produced in male New Zealand white 
rabbits as previously reported.'* This antisera was covalently bound 
to cyanogen bromide-activated Sepharose 4B. TC-] CM (usually 
10x concentrated) was applied to this column after preparatory 
dialysis against 0.05 mol/L of Tris, 0.15 mol/L of NaCl, and 0.3% 
polyethylene glycol (PEG) buffers, pH 7.5, to remove CSF-1. The 
run-through or unbound material was collected, the column was 
rinsed with 300 mL of buffer, and the CSF-1 was eluted with 25 mL 
of 2 mol/L of guanidine pH 4.0 in starting buffers. Guanidine was 
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removed from the purified CSF by repeated diafiltration in an 
Amicon ultrafiltration cell. 


Biochemical Characterization of CSF-1~Dependent 
Synergistic Activity 


Collection starting material. Initial studies were made using 
TC-1 CM with 5% FCS. With Nutridoma-SF supplement, the FCS 
concentration was reduced to 1%, and this material was used for 
some of the more recent studies. Thus far, reduction to no serum 
results in viable cells that do not produce synergistic activity. 
Material was pooled, and stored at — 20 °C until further manipula- 
tion. 

Concentration and protein determination. Amicon ultrafiltra- 
tion units or a spiral cartridge was used with YM 10 (10-kd mol wt 
cutoff) or YM 100 (100-kd mol wt cutoff) ultrafiltration mem- 
branes. No significant loss of bioactivity occurred in the concen- 
trates. Total protein was determined by the Bradford assay." 

Ammonium sulfate precipitation. Ammonium sulfate precipi- 
tations were performed by addition of solid crystal ammonium 
sulfate (Ultrapure--Schwartz/Mann Biotech, Cambridge, MA). 
An initial cut of 0% ta 35% (0.209 g/mL) was done by slow addition 
of crystal to a stirred flask of media. The sample was precipitated for 
20 minutes at 4 °C. The mixture was centrifuged at 10,000 rpm in an 
IEC B20A centrifuge in 200-mL vol for 30 minutes at 4°C. The 
supernatant was decanted, and a second cut of 35% to 65% (0.198 
g/mL) was carried out. The precipitate from the second cut was 
resuspended in a minimal volume of 6.01 mol/L Tris-HCI pH 7.4, 
0.02% Na azide, 0.01% PEG 6000, and dialyzed in the same buffer 
for 1 to 2 days at 4 °C with three changes per day. 

DEAE-Cellulose chromatography DE-52 resin (Whatman, 
Clifton, NJ) was prepared, defined in a standard manner, and then 
equilibrated in 0.01 mol/L. of Tris-HCI pH 7.4. TC-1 CM 1x (4to 5 
liters) was added to the resin at a TC-1 CM/resin volume ratio of 4:1 
or 5:1, stirred gently, and placed at 4°C for 2 hours with gentle 
stirring every 30 minutes. The slurry was poured through a Kimex 
funnel, and the nonadherent fraction was set aside. The resin was 
then washed with 0.01 mol/L of Tris HCI pH 7.4 until the wash was 
free of protein. The adherent proteins were eluted from the resin 
with | mol/L of NaCl in 0.01 mol/L of Tris HC] pH 7.4 or with a 
linear gradient of 0 to 0.8 mol/L of NaCl. The eluate was concen- 
trated using an Amicon spiral cartridge and 10K membrane to ~ 100 
mL, and this concentrate was dialyzed against 0.01 mol/L of Tris 
HCl pH 7.4 for 1 to 2 days with three changes per day. 

Sephacryl S300 chromatography. A Sephacryl S-300 column 
(2.5 cm x 49.5 cm, 243-mL bed volume) was equilibrated to 0.5 
mol/L of NaCl, 0.02 mol/L of Tris HCI pH 7.4, 0.02% Na azide, 
and 0.01% PEG-6000. Fractions of 6 mL were collected at 70 mL./h. 
Samples to be applied were dialyzed im the equilibrating buffer. For 
bioassays, fractions were pooled in groups of five and concentrated 
on Amicon 10K membrane threefold. 

Sephadex G100 chromatography. Sephadex G100 (Superfine, 
Pharmacia, Piscataway, NJ) (2.5 x 85 cm/resin 417-mL vol) was 
equilibrated with 2 L of 0.01 mol/L of Tris-HCI pH 7.4, 0.02% Na 
azide, and 0.01% PEG 1000; the sample was applied (void vol 1% to 
20%) and run at 60 mL/h, Fractions of 15 to 18 mL were collected 
and pooled (three to five fractions per pool), concentrated (three to 
five times), and sterile-filtered (0.22 p? for bioassay. 

Con A Sepharose chromatography. Con A Sepharose (Pharma- 
cia) was equilibrated in 0.5 mol/L of NaCl, 0.02 mol/L of Tris-HCI 
pH 7.4, 0.01% PEG-6000, 0.02% Na azide, and a column 
(2.5 x 14.5 cm) with a bed volume of 72 mL generally used. 
Samples ef TC-1 applied generally were active fractions that had 
been sequentially separated by DE-52 and/or Sephadex G-100 or 
Sephacryl S-300 chromatography. The sample, equilibrated in the 
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Table 1. Effect of Anti-iL-3 Antibody on TC-1 CM Stimulated 
Giant Colony (>1 mm) Formation 


Giant 
Group Colony/ 10° Cells 
TC-1-10x (8.3%) + McCoy's 1x (8.3%) 20 +3 
TC-1-10x (8.3%) + anti-IL 3 IgG (1 mg/ 
mL) 23 + 2.4 
TC-1-10x (8.3%) + control IgG (1 mg/ 
mL)* 29.3 + 2.4 


CM, conditioned media. 

In this experiment, anti-IL 3 antibody blocked colony formation by 
166 U/mL of IL 3; in other experiments, a level of 1 mg/mL was sufficient 
to block FDC-P 1 proliferation completely. 

*igG purified from normal rabbit sera by protein A chromatography 
(courtesy of Dr James Ihle). 


Con A equilibration buffer was applied, the run-through was 
collected, the column was washed with 100 to 150 mL of the 
equilibration buffer, and the column was then eluted with 500 mL of 
an a-methyl mannoside gradient (0 to 0.25 mol/L). Fractions of 4 to 
5 mL were collected at 10 mL/h, pooled (five fractions per pool), 
concentrated on an Amicon 10K membrane, and diafiltered v 
phosphate-buffered saline (PBS) pH 7.4 for subsequent bioassay. 


RESULTS 


Previously, we reported that the murine marrow adherent 
cell line TC-1 produced CSF-1 and a factor that interacted 
synergistically with CSF-1 to stimulate giant macrophage 
colonies. This factor had no intrinsic colony-forming ability, 
but may still represent relatively low levels of IL 3. Accord- 
ingly, we evaluated the capacity of two different antibodies 
to IL 3 to block giant colony formation induced by TC-1 CM. 
IL 3 antibodies at a concentration that abolished IL 3 colony 
formation and FDC-P1 (the IL 3—responsive assay cell line) 
proliferation did not block giant macrophage colony forma- 
tion (Table 1). These data suggest that the TC-1 synergistic 
activity is not IL 3. 


Synergism With IL 3 


IL 3 has been shown to stimulate granulocyte, macro- 
phage, GM-megakaryocyte and mixed megakaryocyte-GM 
colony formation. We previously established half-maximal 
values for IL 3—stimulated hemopoietic colony formation; 
depending on colony type, these ranged from 0.14 to 0.76 
ng/mL.” Plateau levels for all types of colony formation were 
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Fig 1. Synergistic effect of TC-1 conditioned media (CM) on 
interleukin 3 (IL 3) stimulation of post-5-fluorouacil (5-FU) marrow 
cells. Photomicrograph of whole agar (double-layer) slide prepara- 
tions stained with acetyicholinesterase and hematoxylin (magnifi- 
cation 1.3). Murine BDF, marrow cells were harvested 3 days 
after 150 mg 5-FU/kg body weight and 0.5 x 10° cells/ml were 
cultured in a double-layer agar assay with 1.7 ng/mL of IL 3 (panel 
A), 8.3% 20x TC-1 CM (panel B) or 1.7 ng/mL IL 3 plus 8.3% 20 x 
TC-1 CM (panel C). Slide preparations were made after 22 days of 
culture. 


achieved with concentrations of >3 ng/mL and, using these 
plateau levels of IL 3, we previously showed that crude TC-| 
CM (with CSF-1) interacts with IL 3 to induce giant mixed 
GM and GM-megakaryocyte colonies from normal murine 
marrow." In this setting, total colony formation is increased 
only modestly by the combination of TC-! CM and IL 3, 
with most of the increase accounted for by GM colonies 
(Table 2). The major synergistic effect is thus on the size and 
cell content rather than on the number of colonies. Further- 
more, only with the IL 3/TC-1 CM combination were giant 
compact colonies of granulocytes, macrophages, and mega- 
karyocytes seen. In the present studies, we show a similar 
potentiating effect of TC-1 CM plus IL 3 on target marrow 
harvested at | and 3 days after 5-FU 150 mg/kg, but peak 
growth and maximum effect occurred somewhat later than 
with normal marrow, ranging from | 4 to 24 days of growth in 
soft agar culture (Fig 1). Potentiation of IL 3-induced 
colony formation by TC-1 CM occurred at from 0.52 to 16.7 
ng IL 3/mL and was noted at different TC-! CM plateau 
levels (data not shown). Because CSF-1 acts synergistically 
with IL 3 to give rise to giant macrophage colonies and 
CSF-1 is present in the crude TC-1 CM, it was important to 
study the role CSF-1 might play in the observed synergism 
between TC-1 CM and IL 3. Accordingly, we studied TC-] 
CM that had been totally depleted of CSF-1 (as determined 
by RIA) by affinity CSF-1 antibody column chromatogra- 
phy. Three different pools of TC-1 CM (concentrated ten 
times) were passed over a Sepharose column to which 


Table 2. Colony Formation (>50 Cells) Stimulated by Different Hematopoietic Growth Factors 





Colony/O0 5 x 10° Marrow Cells 











Colony TC-1 i 3 LCM TC-1 + LCM TC-1 + L3 
Macro 109 + 10 72 £ 9.7 28.7 + 4.6 33.1 + 4.7 92.3 + 11.5 
GM 26.1 + 4.7 26.5 + 6.8 50 + 5.6 71.1 + 5.3 57.7 + 4.2 
Gran 16.4 + 3.2 31.8 + 7.9 25 + 6.5 20.3 + 1.6 24.2 + 3 
Mega 0 8.8 +3 2 + 0.6 1.25 + 0.8 5.9 22:3 
Total 151 + 11.4 139 + 10.2 106 + 6.8 126 + 7.8 180 + 9.8 





IL 3, Interleukin 3; Macro, macrophage; GM, granulocyte-macrophage; Gran, granulocyte; Mega, all megakaryocyte colonies of over 3 cells plus mixed 


megakaryocyte colonies; total, sum of all colony types. 


Data are presented as mean + 1 SEM from 8 to 9 individual slide preparations from 3 separate experiments. Stimuli either by themselves or in 
combination were tested at the following concentrations: TC-1 conditioned media (CM) 8.3% to 15.4%; IL 3 7.7 to 16.7 ng/mL; and LCM 7.7% to 


8.3%. 


830 


Table 3, Effect of TC-1 “Unbound” Fraction on IL-3—Induced 
Colony Formation 


Colonies/5 x 10° Cells 


Group Mega Total Mega >2 mm > 1 mm 

iL 3 7.5 + 4.3 10+ 4 3.7+1.2 51+ 19 
i. 3 + unbound 

fraction 17.3+4.7 24.3 + 6.2 19+93 67 +21 


These data are from three separate experiments testing TC-1 condi- 
tioned media (CM) that had been passed over an anti-CSF-1 Sepharose 
column (unbound fraction) and was free of CSF-1 activity by radioimmu- 
noassay. In these experiments, both normal murine ICR and BDF, target 
marrow cells were used, and Interleukin 3 (IL 3) levels varied between 43 
and 160 U/mL. Unbound activity represented the run-through fraction 
and thus was equivalent to a 10x TC-1 CM concentrate devoid of CSF-1. 
Potentiation occurred in different experiments with final unbound concen- 
trations of 1% to 25%. Unbound fractions at higher concentrations 
ordinarily caused inhibition of growth but this inhibition varied with 
different pools, and the concentration at which it was seen varied 
considerably between the different pools. 

Mega, pure megakaryocyte colonies of more than three cells; total 
mega, pure and mixed mega colonies; > 2 mm mixed, colonies >2 mm in 
diameter predominantly granulocyte-macrophage (GM) or macrophage, 
but also including GM-Mega. 


purified anti-CSF-1 was covalently bound. The run-through 
or unbound fraction had no CSF-| by RIA and did not 
stimulate murine marrow colony formation. The CSF-1 
eluted off the column with guanidine synergized with the 
unbound material to give giant colonies, confirming our 
previous observations.” This unbound material when added 
at different concentrations to different levels of IL 3 (five 
separate experiments) potentiated megakaryocyte colony 
formation and the formation of giant GM and GM-megaka- 
rocyte colonies (Table 3). The actual numbers of different- 
sized groups fail to convey the true extent of this synergy, as 
illustrated in two experiments assessing synergy with normal 
or post-5-FU marrow (Figs 2 and 3). Colonies characteristic 
of IL 3 plus TC-1 stimulation were very large with a tight 
central core of cells consisting of granulocytes, macrophages, 
and megakaryocytes. Furthermore, with post-5-FU marrow 
colonies of >2 to 3 mm in diameter with central dense cells of 
>| mm were seen only in the TC-1 unbound material + IL 3 
group (7 + 1/5 x 10* cells), not in the IL 3 group. 

The crude TC-1 CM plus IL 3 tested against post—S-FU 
marrow over |4 to 22 days of clonal agar culture had variable 
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Fig3. Synergistic effect of TC-1 “unbound” fraction on Inter- 
leukin 3 (IL 3) stimulation of post-5-fluorouracil (5-FU) marrow 
cells. Photomicrograph of whole agar (double-layer) slide prepara- 
tions stained with acetylcholinesterase and hematoxylin. Murine 
BDF, marrow cells were harvested 3 days after 150 mg of 5-FU/kg 
body weight and 0.5 x 10° cells were cultured in a double-layer 
agar assay with 2% unbound fraction (panel A), 2% unbound 
fraction plus 4.3 ng/mL of IL-3 (panel B), or 4.3 ng/mL of IL 3 
(panel C). Slide preparations were made after 22 days of culture. 


effects on the numbers of colonies >50 cells. The addition of 
TC-1 CM to IL 3 resulted in total colony formation that 
ranged from 56% to 95% of the combined IL 3 and TC-1 CM 
controls (ie, adding numbers of colonies stimulated by IL 3 
alone and TC-! CM alone). When the “unbound” TC-1 
material was added to IL 3 and tested against post-5-FU 
marrow, total colony (>50 cells) formation was reduced to 
74% to 85% of the IL 3 control. Thus, the major effect of the 
synergistic activity in TC-! CM when added to IL 3 is to 
increase colony size with no overall stimulation (and in some 
cases, apparent inhibition) of total colony formation. 

Similar results occurred when plateau concentrations of 
murine lung CM (a source of GM-CSA-2) were assayed in 
the presence of plateau concentrations of TC-1 CM; giant 
mixed GM colonies predominantly of the loose type were 
seen (Fig 4). Again, wthin a specific size range and category, 
colonies from the TC-1 + LCM group had more cells. Total 
colony formation was modestly depressed by the TC-1 + 
LCM combination as compared with TC-1 alone, but indi- 
vidual GM colony formation was augmented (Table 2). 
Again this synergizing effect was seen over varying concen- 
trations of 10x TC-1 CM (0.4% to 11.5%), LCM (0.4% to 
11.5%), or 10x LCM (1.19% to 3.8%) and when post—S-FU 
marrow was used as a target marrow (Fig 5). In the latter 
case, as with the IL 3 studies, peak growth and potentiation 
effect with the 5-FU mzrrow occurred at 14 to 22 days of soft 
agar culture. The effect of TC-1 CM on LCM-induced 
colony formation was confirmed in six separate experi- 
ments. 





Fig2. Synergistic effect of TC-1 “unbound” fraction on Inter- 
leukin 3 (IL 3) stimulated colony formation. Photomicrograph of 
whole agar slide preparations stained with acetyicholinesterase 
and hematoxylin. Murine BDF, cells (0.5 x 10°/mL) were cultured 
in a single-layer agar assay with 25% unbound fraction (panel A), 
25 ng/mL of IL 3 plus 25% unbound fraction (panel B), or 25 ng/mL 
of IL 3 (panel C). Slide preparations were made after 7 days of 
culture. 


Fig 4. Synergistic effect of TC-1 conditioned media (CM) on 
LCM-stimulated colony formation. Photomicrograph of whole agar 
(double-layer) slide preparations stained with acetyicholinester- 
ase and hematoxylin (magnification x 1.3), Murine BDF, marrow 
cells (0.5 x 10° cells/mL) were cultured in a double-layer agar 
assay with 11.5% 10x TC-1 CM (panel A), 3.8% LCM (panel B), or 
11.5% 10x TC-1 CM plus 3.8% LCM (panel C). Slide preparations 
were made after 14 days of culture. 
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Fig 5. Synergistic effect of TC-1 conditioned media (CM) on 
LCM stimulation of post-5-fluorouracil (5-FU) marrow cells. Photo- 
micrograph of whole agar (double-layer) slide preparations stained 
with acetylcholinesterase and hematoxylin (magnification x 1.3). 
Murine BDF, marrow cells harvested 3 days after 150 mg of 
5-FU/kg body weight were plated at 0.5 x 10° cells/mL in 
double-layer agar and cultured for 22 days with 8.3% LCM (panel 
A), 8.3% 10x TC-1 CM (panel B), or 8.3% LCM plus 8.3% 10x TC-1 
CM (panel C). 


We also evaluated unbound fractions free of CSF-! for 
their ability to synergize with murine lung-CM, a crude 
source of GM-CSA, or with a partially purified GM-CSA 
derived from Con A-activated Balb-c spleen CM (three 
separate experiments). The potentiation, although less dra- 
matic than that which occurred with unseparated TC-1 CM, 
was still present (Fig 6) affecting predominantly GM and M 
colonies. As with unbound material interacting with IL 3, 
variable high-dose inhibitors were noted. 


Characterization of the CSF-1—Dependent Synergistic 
Activity Present in TC-1 CM 


Using giant macrophage colony formation (>0.5- and 
>1.0-mm diameter dense colonies) and carrying out clonal 
agar cultures with and without added pure CSF-1 (400 to 
800 U/mL), we characterized the CSF-1—dependent syner- 
gistic activity present in TC-1 CM as nondialyzable (mem- 
brane cutoff 3,000), relatively heat stable (56°C for 30 
minutes) with a pH range between 4 and 8. It is stable on 
storage at 4 °C for at least 6 weeks and is stable to three or 
four freeze-thaws. During purification, synergistic activity 
was seen in fractions that also had significant levels of 
CSF-1, and adding CSF-1 in the assays did not reveal 
fractions with SA separate from CSF-1. Thus, the data 
presented represent the capacity of the various separated 
fractions to stimulate giant colony formation without added 
CSF-1. The SA was retained on both Amicon PM 10 (10,000 
mol-wt cutoff) and Amicon PM 100 (100,000 mol-wt cutoff) 
and precipitated between 35% and 65% ammonium sulfate. 
The synergistic activity bound to DE-52 cellulose (What- 
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Fig 6. 
stimulated colony formation. Photomicrograph of whole agar slide 
preparations stained with acetylcholinesterase and hematoxylin. 
Murine BDF, celis (0.5 x 10°/mL) were cultured in a single-layer 
assay with 12.5% unbound fraction (panel A), 12.5% unbound 
fraction plus 12.5% LCM (panel B), or 12.5% LCM (panel C). Slide 
preparations were made after 7 days. 


Synergistic effect of TC-1 unbound fraction on LCM- 
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man, Clifton, NJ) that had been equilibrated in 0.02 mol/L 
of Tris-HCI, pH 7.4 (conditions in which IL 3 does not bind) 
and eluted from the column between 0.1 and 0.4 to 0.5 mol/L 
of NaCl (Fig 7). TC-1 CM after ammonium sulfate precipi- 
tation or DE-52 cellulose batch elution and separation by 
Sephadex G100 or Sephacryl S300 chromatography had an 
apparent mol wt of >60,000 (~200,000 by Sephadex G 100) 
(Fig 8). The bulk of SA from crude or partially purified 
TC-1 CM bound to Con A eluting with a-methy! mannoside 
(Fig 9). A series of sequential separations resulted in signifi- 
cant purification and increase in specific activity (Table 4). 

TC-1 CM was separated by DE-52 cellulose chromatogra- 
phy followed by G100 Sephadex chromatography. Active 
pools from the G100 column were rendered CSF-1-free by 
passage over an affinity CSF-1 antibody column. This “un- 
bound” material synergized with stage-1 CSF-1 to give tight 
colonies >0.5 mm in diameter (Fig 10). The same unbound 
material tested at 13% concentration against normal murine 
marrow in the presence of IL 3 increased large (>! mm) 
colony formation to 169% of the IL 3 control and, at a 5% 
concentration, caused a 3.14-fold increase in murine pre-B 
cell generation (as determined by cytoplasmic IgM-positive 
cells) in a liquid culture system."* In addition, when target 
bone marrow cells from Balb/c mice harvested 8 days after 
150 mg of 5-FU /kg were used and these cells were cultured 
for 14 days at 7% O,, this same unbound preparation tested 
at 13% augmented IL 3 stimulation of colonies (>0.5 mm) 
by 360% of control. Similarly, material that had been 
subjected to sequential separation over DE-52 cellulose, 
G100 Sephadex and Con A chromatography (the a-methyl- 
mannoside eluate) and that had been rendered free of CSF-| 
by CSF-1 antibody affinity chromatography increased pre-B 
cell generation fivefold." 


Other Growth-Promoting Activities in TC-1 CM 


We recently reported the presence of a murine pre-B 
cell-inducing activity in crude and partially purified TC-! 
CM separate from CSF-1.'" This activity was found in 
synergistic activity—active fractions separated by sequential 
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Fig 7. Separation of TC-1 conditioned media (CM) on DE-52 


columns. TC-1 CM (5% fetal calf serum (FCS), concentrated 10» 
Amicon PM10), ammonium sulfate precipitated (35% to 65%), 
dialyzed, and applied to DE-52 column in 0.02mol/L of Tris-Hel pH 
7.4. NaCl gradient (0 to 0.8 mol/L) buffer was applied. Bioactivity 
is defined as >1 mm macrophage colonies per milliliter with 
double-layer agar system using normal ICR mouse bone marrow. 
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Separation cf TC-1 conditioned media (CM) by Sephadex G100 chramatography. Two 7-L pools of TC-1 CM {5% fetal calf 


serum) were separated by batch diethylaminoethanol (DEAE)-cellulose chromatography, and the active salt eluates were then equilibrated 
with 0.01 mol/L of Tris HCI pH 7.4, 0.02% Na azide, and 0.01% polyethylene glycol (PEG)-6000, Fifty milliliters of this eluate was applied to 
a Sephadex G 100 (2.5 x 85 cm/resin volume = 417 mL) column that had been equilibrated with 2 L of 0.01 mol/L of Tris HCI pH 7.4, 
0.02% Na azide, and 0.01% PEG-6000. Fractions were collected at a rate of 60 mL/h with 16 mL per fraction, and aliquots from three 
fractions were combined for each pool, concentrated {1.8 to 3 times). and sterile filtered (0.22 U/mL). CSF-1 on the pools was determined 
by radioimmunoassay (RIA), and protein was determined by Bradford assay." Growth factor results are expressed as the number of tight 


colonies of >0.5-mm diameter stimulated per milliliter of CM. 


DE-52 cellulose, Sephadex G100, Con A, and CSF-] anti- 
body affinity chromatography. We also noted an activity in 
TC-1 CM stimulating FDC-P1 (Fig 11) or DA-I cell 
proliferation. This material also stimulated FDC-P1 cells 
that had been selected for TC-1 growth factor sensitivity, 
although the kinetics of stimulation were altered; moreover, 
in this case, by 74 hours of growth, there was a higher rate of 
proliferation of the FDC-P1 TC-1 sensitive cells grown in 
TC-1 CM as compared to WEHI-3 CM (a source of IL 3) 
(Fig 11). 


DISCUSSION 


We present a characterization of a multilineage synergis- 
tic activity produced by the murine adherent marrow cell line 
TC-1. We have shown that a non-IL 3 activity is capable of 
synergizing with IL 3 to produce giant mixed GM and 
GM-megakaryocyte colonies and to enhance megakaryocyte 
colony formation. These data show that CM from the cell 
line devoid of CSF-1, and with no intrinsic colony-forming 
ability by itself, contains this synergizing activity for IL 3. 
This synergy occurs against both normal bone marrow and 
marrow from animals pretreated with 5-FU (Figs 2 and 3). 
Similarly, an activity present in the TC-1 CM is capable of 
synergizing with a source of GM-CSA, ie, murine lung CM, 
to give rise to giant GM colonies (Figs 4 through 6). This 
effect, while lessened with the removal of CSF-1, is still 
present. We previously showed the existence of an activity 
that synergizes with CSF-1?; thus, the TC-1 cell line is 


capable cf producing a bioactivity that has no intrinsic CSA 
but that appears to be able to augment the effects of three 
separate regulators—CSF-1. IL 3, and probably GM-CSA. 
In these same preparations, we also found an activity capable 
of induc ng pre-B cells in short-term cultures of murine 
marrow cells.'® Thus, we found activities from the TC-] 
stroma line that appear to act early in both B lymphopoiesis 
and myebopoiesis. 

Pre-B lymphocyte-inducing factor was first found in the 
urine of patients with cyclical hematopoiesis.’*? In this 
conditior, at a time when myelopoiesis is depressed and just 
preceding a wave of pre-B cells in the bone marrow, high 
levels of a pre-B-inducing activity exists in the urine of these 
patients.” We may be dealing with a similar type of activity 
from the adherent cell line described in this article. This cell 
line was isolated from long-term murine cultures by differen- 
tial trypsinization using Fischer’s media supplemented with 
FCS and no hydrocortisone. This was initially done to 
facilitate isolation but we now realize that these conditions 
may well be permissive for B lymphopoiesis in vitro and 
approact those described by Whitiock-Witte for long-term B 
lymphocyte cultures.” In addition, Dorshkind recently 
showed that the classical myeloid Dexter murine cultures can 
be switched to cultures supporting B lymphopoiesis by alter- 
ing the culture conditions. These alterations included using 
horse serum rather than FCS and omitting hydrocortisone.” 
This suggests that one primary stromal cell may be able to 
provide the environment for supporting both B lymphopoiesis 
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Fig9. Separation of TC-1 conditioned media (CM) by Concon- 


avalin A {Con A) Sepharose affinity chromatography. TC-1 CM 
eluted from batch DE-52 resin was applied to Con A Sepharose 
column and eluted in 0.1% a-Methyimannoside in 0.5 mol/L of 
NaCl, 0.02 mol/L of Tris-HCI pH 7.4, 0.62% azide, 0.001% polyeth- 
ylene glycol (PEG)-6000. HPP/mL defined as > 1-mm macrophage 
colonies in double-layer agar system using normal ICR mouse bone 
marrow. 


and myelopoiesis and that the lineage favored may be 
dependent on the specific conditions of the cell. It is possible 
that the myeloid synergizing activity and the pre-B factor 
seen in the TC-1 supernatants represent the same factor 
(thus far, they co-purify in biochemical purifications) and 
that this factor is produced by stromal cells under either 
condition. The final pathway may be determined by the 
production of additional factors specific for B lymphopoiesis 
or myelopoiesis. In support of this hypothesis, the Dexter 
culture system appears to produce both CSF-1? and GM- 
CSA,” thus providing the terminal differentiating hormones 
that could account for all the noted phenotypic end cells 
produced in this system, ie, granulocytes, macrophages, and 
megakaryocytes. In the CM from the TC-1 line, we recently 
found an activity similar to that of BCGF-2 which stimulates 
differentiated B cell proliferation.” The activity in the TC-1 
conditioned media is unique in that IgM secretion is not 
stimulated. This suggests the presence of a differentiated B 
cell facter along with an earlier acting B cell factor, possibly 
providing a model of factor relationships in the Whitlock- 


Table 4. Purification of TC-1 Derived LHGF 


Tight Colony/5 x 10° 


Cells/mg Protein Total Units 
Sample >0.5 cm >itcm >.5 >1 
Original TC-1 CM* 59 31 544,864 289,249 
DEAE-salt eluate 3,487 1,601 586,925 269,473 
G-100 Sephadex Pool 3 7,996 3,553 366.537 162,870 


Abbreviation: LHGF, lymphohemopoietic growth factor. 

*Starting pool of 7 L of 5% TC-1. Only 50% of diethylaminoethanol 
(DEAE)-salt eluate went to G 100 column. G-100 active pools from a 
similar separative sequence were separated by Conconavalin A chroma- 
tography and eluted with a-methy! mannoside. Fractions from this 
separation had synergizing activity but no detectable protein by Bradford 
assay.15 
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Fig 10. Synergistic activity of TC-1 conditioned media (CM) 
purified by diethyiaminoethanol (DEAE) cellulose, Sephadex G-100 
chromatography, and CSF-1 antibody affinity chromatography. 
TC-1 CM was separated by batch DEAE cellulose elution and 
G-100 Sephadex chromatography. Active fractions from the G- 
100 column were pooled and passed over an anti-CSF-1 affinity 
column. This “unbound” material was tested at various concentra- 
tions for its capacity to synergize colony formation by stage 7 
CSF-1 derived from L cell CM. This latter material represents the 
eluate from a batch Ca phosphate gel” and was included in 
single-layer agar cultures at 533 U/mL. Marrow celis from BDF-1 
mice were plated at 5 x 10“ cells/mL. Results are expressed as 
colonies per 5 x 10‘ cells + 1 SEM from one of two separate fot 
testings that gave similar results. 


Witte B lymphocyte cultures. Further work should clarify 
these alternatives. 

We began a biochemical characterization of the synergiz- 
ing acitivity using CSF-1 synergy as an assay. We found that 
the CSF-1 synergistic activity is nondialyzable and relatively 
heat stable, precipitates between 35% and 65% ammonium 
sulfate, and binds to DEAE cellulose under conditions in 
which IL 3 does not.'* Furthermore, the synergistic activity 
concentrates on Amicon PM100 membranes and is found 
near the void volume with both Sephacryl and Sephadex 
chromatography indicating a relatively high mol wt or, 
alternatively, the possibility of aggregate formation. This 
activity on chromatographic separations shows some polydis- 
persity, and the bulk of the material appears to bind to Con A 
columns, eluting off with a-methylmannoside, indicating the 
presence of a glycoprotein although some of the material 
does not bind, Sequential separations through DE-52 cellu- 
iose chromatography and G100 Sephadex chromatography 
result in a 135-fold purification, and separation of this 
material or similar material on Con A columns results in 
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FDC-P1 cells by conditioned media (CM) from the TC-1 cell line. 
FDC-P1 cellis or FDC-P1 cells that had been cloned in soft agar in 
the presence of TC-1 CM and the clones then subcultured in liquid 
culture with 25% TC-1 CM (TC-1-—sensitive FDC-P1 subclone) 
were tested for their responsiveness to WEHI-3 CM or to CM from 
TC-1 celis cultured with 1% fetal calf serum (FCS) and Nutridoma- 
SP supplement (TC-1 1% FCS) or to a 10x concentrate of TC-1 
CM originally cultured with 5% FCS. Cells were cultured at 6 x 10° 
cells/mL {TC-1—sensitive FDC-P1 subclone) or 1 x 10° cells/mL 
{(FDC-P1} in RPMI media with 10% FCS for 27, 50, or 74 hours. 
Plates were pulsed with °HtdR (specific activity 6.7 Ci/mmol) 5 
hours prior to harvest, and results expressed as cpm. 


fractions with no detectable protein but with significant 
activity. Thus, the synergistic bioactivity appears to be a 


relatively large mol wt glycoprotein but, given the history of 


other hemopoietic glycoprotein hormones, the glycoprotein 
may well have a much smaller mol wt with further purifica- 
tion. Thus far in preliminary studies, the pre-B activity has 
been found in active fractions through the Con A separation 
step. The BCGF-2-like activity has also been found in active 
fractions but appears to partially separate with various 
chromatographic steps. 
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Finally, we also found an activity in the TC-1 CM and in 
partially purified fractions that stimulates the FDC-P1 and 
DA-I faztor-dependent cell lines.*** These data probably 
extend farther the number of activities that can stimulate 
these factor-dependent lines. Hapel and colleagues” showed 
that these lines respond to multiple different activities, but 
they may provide a worthwhile tool for studies of the nature 
of the growth action and for a possible assay for its purifica- 
tion. 

The T@-1—derived activity is similar to activities described 
previously?” in that it synergizes with CSF-1. These activi- 
ties probably are represented by IL 3 and hemopoietin-1.*°” 
The multilineage synergistic activity described from the 
TC-1 cel line does not appear to be IL 3, based on its lack of 
intrinsic colony-forming ability, a failure to be inactivated by 
an antibody to IL 3, and its behavior on DE-52 cellulose 
columns. It differs from hemopoietin-1*” in its apparent mol 
wt, lack of stimulaticn of total colony numbers in the 
presence of IL 3, and binding to Con A columns. The X 
factor described by Iscove? using a different system of 
synergy may well be similar to this activity. Recently, two 
separate activities predominantly stimulating B cell types 
were described, and both were termed IL 4.°'°? Different 
assays were used to define these factors but a comparison of 
both IL 4s to our activity will clearly be appropriate. 

Finally, based on the above findings and considerations, 
we speculate that the long-term myeloid and lymphoid in 
vitro cultures are controlled by a series of growth factors. 
One unifying multilineage synergizing activity may exist for 
both B ymphopoiesis and myelopoiesis that determines 
responsiveness of cells to terminal differentiating hormones. 
We propose that the pre- B-inducing activity and the myeloid 
synergiziag activities represent this activity. Furthermore, 
we suggest that in the myeloid Dexter cultures the produc- 
tion of CSF-] by a particular stromal cell type with a 
secondary production of GM-CSA by stimulated macro- 
phages determines the final lineages seen in this system; 
macrophages, granulocytes, and megakaryocytes. Similarly, 
in the Whitlock and W tte B lymphocyte culture system, we 
suggest that the production of factors acting on the terminal 
end of tie B cell differentiation pathway modulates the 
producticn of B cells. The particular culture conditions used 
may well determine whether these terminal differentiating 
hormones are producec, thus providing a possible explana- 
tion of the switching from B lymphopoiesis to myelopoiesis in 
these cultures when conditions are altered. 
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Value of Monoclonal Anti-CD22 (p135) Autibodies for the Detection 
of Normal and Neoplastic B Lymphoid Cells 


By D.Y. Mason, H. Stein, J. Gerdes, K.A.F. Pulford, E. Ralfkiaer, B. Falini, W.N. Erber, K. Micklem, and K.C. Gatter 


Two monoclonal antibodies (To15 and 4KB128) specific for 
the B cell-associated CD22 antigen (135,000 mol wt) are 
described. On immunoenzymatic analysis of cryostat tissue 
sections, these antibodies strongly label both mantie zone 
and germinal center B lymphoid cells in secondary iym- 
phoid follicles (and also scattered extrafollicular lymphoid 
cells) but are unreactive with other cell types (with the 
exception of weak reactivity with some epithelioid histio- 
cytes}. These reactions differ from those of monoclonal 
antibodies B1 and B2 (anti-CD20 and CD21) but are simitar 
to those of the pan-B antibody B4 (anti-CD19). One of the 
anti-CD22 antibodies (To15) has been tested extensively 
by immunoenzymatic labeling on >350 neoplastic lymphoid 
and hematological samples. The CD22 antigen was found in 
tissue sections in most B cell-derived neoplasms, the major 


IDESPREAD use has been made in recent years of 
monoclonal antibodies for the immunocytochemical 
identification of lymphoid cell populations in human tissue 
and blood samples. The first of these reagents to be charac- 
terized were directed against T cell antigens, and at the Ist 
International Workshop on Human Leucocyte Differentia- 
tion Antigens (held in Paris in 1982) eight different T 
cell-associated molecules were defined.’ Following the con- 
vention established at that Workshop, these molecules are 
prefixed by the letters CD and listed from | to 8. 

An equivalent number of B cell-associated markers was 
not defined at the first Workshop, the only categories emerg- 
ing at that time being CD9 (a 24,000 mol wt molecule shared 
between B cells and renal tissue) and CD10, the Common- 
ALL antigen (CALLA). A number of new B cell-associated 
molecules were, however, defined in the second Workshop 
(held in Boston in 1984) and numbered CD19 through 24.° 
Several of these appear to be restricted to B cells, whereas 
others are shared between B cells and dendritic reticulum 
cells (the antigen-presenting cell found in B cell follicles).° 

Although these B cell-associated molecules are clearly 
defined entities, little information is available on their rela- 
tive value as markers in the immunocytochemical detection 
of human B cell neoplasms. In the present article, we 
describe our experience in using two monoclonal antibodies 
against the 135,000 mol wt CD22 antigen for the detection of 
neoplastic B cells in cryostat sections and cell smears. It is 
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exceptions being myeloma (all cases negative) and a small 
proportion of high-grade lymphoma (6% of cases negative). 
in cell smears, the antigen could be found on neoplastic 
cells in most B cell lymphoproliferative disorders, including 
common acute lymphcblastic leukemia (ALL) (90% posi- 
tive) and B cell chronic lymphocytic leukemia (CLL) (89% 
positive). We conclude that anti-CD22 antibodies are of 
value for identification of human B cell lymphoproliferative 
disorders (especially when used in conjunction with anti- 
CD19 antibodies). Previous reports that the CD22 antigen 
is absent from many B cell neoplasms are probably due to 
its being expressed within the cytoplasm of immature B 
cells rather than on their surface. 

e 1987 by Grune & Stratton, inc. 


evident from this study that anti-CD22 antibodies can be 
confident: y used as pan-B reagents for identification of B cell 
ncoplasms, since they react with most such tumors and are 
unreactive with T cell-derived neoplasms. 


MATERIALS AND METHODS 
Tissues 


Human tissue biopsies were obtained fresh from the Histopa- 
thology Department of the University Hospital, Kiel, and from the 
John Radcliffe Hospital, Oxford, England. Routine tonsillectomy 
samples were obtained from the Ear, Nose, and Throat Departments 
of these hcspitals. Histological diagnosis was based on examination 
of paraflir sections stained with hematoxylin and eosin and/or 
Giemsa, lymphoid neoplasms being classified according to the Kiel 
system. Immunohistological phenotyping following immunoenzy- 
matic staining of cryostat sections (described later) was performed 
as described elsewhere.** 


Cell Sanmles 


Smears of peripheral blood and bone marrow samples from the 
Hematology Department of the John Radcliffe Hospital and of 
normal blood from healthy laboratory personnel were stored at 
~ 20°C until they were labeled immunoenzymatically. In addition, 
cytocentrifuge preparations of Triosil-Ficoll-separated mononuclear 
cells were stored in the same way. Tonsil cell suspensions were 
prepared and, in some experiments, enriched in follicular dendritic 
reticulum cells (FDRCs), as described previously.’ 

In some experiments, cytocentrifuge preparations were made 
from normal peripheral blood mononuclear cells that had been 
rosetted with neuraminidase-treated sheep RBCs. 


immunocytochemical Reagents 


Details of the monoclonal antibodies used in this study and of the 
Hmmunoenzymatic reagents (eg, PAP, APAAP, peroxidase conju- 
gates) are ziven in previous publications.” Antibodies B1, B2 and 
B3 were obtained from Dr L. Nadler and fram Coulter. 


immunoenzymatic Labeling Procedures 

Tissue sections and cell smears were labeled by a two-stage or 
three-stage indirect immunoperoxidase procedure, ® by the PAP 
immunoperoxidase technicue,® or by the APAAP immunoalkaline 
phosphatase technique.''"* 
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Production of Monoclonal Antibodies to the CD22 B 
Cell-Associated Antigen 


Two antibodies of this specificity were prepared and used in this 
study. 

Antibody Tol5, A cell fusion experiment was performed using 
spleen cells from a Balb-c mouse immunized with a potassium iodide 
extract of normal human tonsil cell membranes.'*'* Culture super- 
natants were screened by immunoperoxidase labeling of tonsil 
cryostat sections,” and one clone (To15) reacting selectively with B 
cell follicles was cloned and grown by conventional procedures."* 

Antibody 4KB128. Antibody 4KB128 was obtained (by the 
same hybridoma technique) using spleen cells from a mouse previ- 
ously immunized with neoplastic cells from a case of hairy cell 
leukemia.’ 


Immunoprecipitation 


Immunoprecipitation experiments were performed by conven- 
tional procedures, using surface-iodinated human tonsil cells and 
rabbit anti-mouse Ig bound to Staphyloccal protein A as precipitat- 
ing reagent. Electrophoresis in sodium dodecyl sulfate (SDS) poly- 
acrylamide gel and autoradiography were performed by conven- 
tional techniques. 


Purification of Antigen 

Membranes extracted from frozen hairy cell leukemia spleen in 
2.5% Tween 40 were solubilized in 2% Nonidet P40, 20 mmol/L of 
Tris-HCI pH 7.5 containing protease inhibitors.” The detergent 
extract was precleared by passage over bovine serum albumin (BSA) 
coupled to Sepharose 4B, and 25 mL (equivalent to 20 g of original 
tissuc) was then passed down a 5 mL Sepharose 4B:4KB128 
antibody column (antibody 4 mg/mL of Sepharose) at | mL/h. 
After being washed with 50 mL of 250 mmol/L of NaCl in 1% 
Nonidet P40, 20 mmol/L of Tris-HCl pH 7.5 at 2 mL/h, bound 
antigen was eluted with a 40-mL pH 7.5 linear gradient at 2 mL/h. 
Fractions were precipitated with 10% trichloroacetic acid (TCA), 
washed with acetone, solubilized in SDS-urea, and analyzed by SDS 
polyacrylamide gel electrophoresis (PAGE) using a 7.5% gel and 
Coomassie blue staining. 


RESULTS 
Production of Monoclonal Antibodies Tol 5 and 4KB128 


Supernatant from two hybridoma cell cultures, Tol 5 and 
4KB1 28, reacted selectively with B cell follicles in lymphoid 
tissue, and the same pattern was maintained during cloning 
and subsequent growth of these cell lines. 


Mol Wt of Antigen Detected by Antibodies Tol5 
and 4KB128 


Antibodies Tol 5 and 4K B1 28 both precipitated a polypep- 
tide chain with a mol wt under reducing conditions of 
125,000 to 135,000. In some experiments, this material 
appeared as a doublet of two bands of only slightly different 
mol wts. It was also possible to isolate the CD22 antigen from 
human tissue using Sepharose antibody immunoabsorbants 
(Fig 1). This material migrated with the same mol wt as that 
of the radiolabeled band detected by immunoprecipitation. 


Immunocytochemical Labeling of Peripheral Blood Cells 


Immunoenzymatic staining of cell smears. Antibody 
Tol5 labeled 15% of lymphoid cells (range 10% to 25%) in 
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Fig1. Demonstration of the specificity of antibody 4KB128 for 
the CD22 antigen by elution from an immunoabsorbent column 
(described in text). In track A, the prominent protein band (arrow) 
of ~125,000 mol wt represents the CD22 antigen. Small amounts 
of contaminating protein of lower mol wt are near the bottom of 
the gel. Track B shows the mol wt (in kD) of marker proteins run 
on the same gel. The mol wt of the CD22 antigen in this 
experiment was lower than the conventionally quoted figure 
(135,000) but in keeping with results reported by other authors™ 
(Coomassie blue staining). 


blood smears from 15 normal subjects. Antibody 4K B128 
(tested on a smaller number of samples) labeled essentially 
the same number of lymphoid cells. Granulocytes, mono- 
cytes, RBCs, and platelets were unstained. In cytocentrifuge 
preparations of peripheral mononuclear cells rosetted with 
sheep erythrocytes, antibodies Tol5 and 4KB128 reacted 
selectively with nonrosetting lymphocytes. 


Immunohistological Labeling of Human Tissue Sections 


Normal tissue. The two anti-CD22 antibodies labeled B 
cell follicles with moderate to strong intensity (depending on 
the labeling procedure used) staining both mantle zone 
lymphocytes and germinal center cells. In centrifuged prepa- 
rations of tonsil-cell suspensions enriched for FDRCs, anti- 
body Tol 5 labeled these cells weakly, although this could not 
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be discerned (because of lymphoid cell reactivity) in tissue 
sections. 

The two anti-CD22 antibodies were compared with the 
pan-B reagents B1, B2, and B4 (anti-CD20, 21, and 19, 
respectively). Neither B! nor B2 labeled B cell follicles as 
extensively as, or gave reactions of comparable intensity to, 
the two anti-CD22 reagents. Both BI and B2 stained follicle 
mantle zone lymphocytes more weakly than germinal cen- 
ters, and much of the germinal center staining was in a 
meshwork pattern in germinal centers characteristic of 
FDRCs (particularly marked with antibody B2). In contrast, 
antibody B4 was closely similar in its staining reactions to the 
anti-CD22 reagents, labeling both mantle zones and germi- 
nal centers. 

In addition to B cell follicles, antibodies Tol 5 and 4K B128 
stained scattered small cells in interfollicular and paracorti- 
cal regions. The two antibodies were unreactive with all 
nonlymphoid tissue and organs tested (skin, lung, stomach, 
small and large intestine, kidney, liver, salivary and thyroid 
gland, urinary bladder, testis, and central and peripheral 
nervous tissue), with the exception of weak staining of 
epithelioid histiocytes in granulomatous lesions. Antibody 
BI also reacted with epithelioid histiocytes, usually more 
intensely than the anti-CD22 reagents. 

Neoplastic tissues. One of the two anti-CD22 anti- 
bodies (Tol5) was tested against a wide range of neoplasms 
(Table 1). It labeled most human B cell neoplasms, the 
principal exceptions being myeloma (consistently negative) 
and a few high-grade B cell lymphomas (4 negatives in 64 
cases). The strength of labeling was usually of moderate 
intensity and could be enhanced markedly by use of the 
three-stage immunoperoxidase technique’? or the “en- 
hanced” APAAP procedure.’ The strongest reactions were 
seen in hairy cell leukemia and B cell prolymphocytic 
leukemia. The intensity of labeling of cases of common acute 
lymphoblastic leukemia (common ALL) and B cell chronic 
lymphocytic leukemia (CLL) varied widely; a number of 
positive cases showed only weak labeling. Nevertheless, most 
cases in each of these two disorders gave unequivocally 
positive reactions. 

Other neoplasms analyzed with antibody Tol5 (Table 1), 
were unreactive (including 56 cases of T cell lymphoprolifer- 
ative disease) with the exception of a minority of cases of 
acute myeloid leukemia. These reactions were usually weak; 
in one case of acute monocytic leukemia, however, the 
neoplastic cells were relatively strong labeled. The other 
anti-CD22 antibody (4KB128) was tested on a smaller 
number of neoplasms and gave reactions closely similar to 
those of antibody Tol 5. 


DISCUSSION 


Both of the antibodies used in this study appear to 
recognize the B cell-associated molecule designated CD22. 
This is evidenced both by the results of immunoprecipitation 
and affinity chromatography experiments from this labora- 
tory and by similar experiments and statistical analysis of 
FACS data in the 3rd International Workshop on Human 
Leucocyte Differentiation Antigens.'* The observation that 
in some experiments two polypeptide chains of similar mol wt 
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Table“. immunocytochemical Staining of Human Neoplasms 
With Antibody Told (Anti-CD22) 
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No. No. 
Neoplasm Tested Positive 
B cell derived 
Chronic lymphocytic leukemia 53 49 
Prolymphocytic leukemia 7 7 
Hairy cell leukemia 28 28 
Lymphoplasmacytoid lymphoma/Waiden- 
strom's 9 8 
Multiple myeloma 26 0 
Centroblastic-centrocytic lymohoma* 22 22 
Centracytic lymphoma 18 18 
Centroblastic lymphomat 23 21 
Lymphoblastic lymphoma, Burkitt-type 3 9 
Lymphoblastic lymphoma, non-T, CALLA- 
positive 14 14 
immunoblastic lymphomat 18 16 
Common acute lymphoblastic leukemia 4] 37 
Acute lymphoblastic leukemia 1 } 
Total 269 230 
Other leukemias 
Acute myelomonocytic leukernia 15 2 
Acute monocytic leukemia 4 1 
Acute megakaryobiastic leukemia 6 Q 
Total 25 3 
T cell derived 
Chronic lymphocytic leukemia {T cel!) +1 0 
Sezarv syndrome/mycosis fungoides 6 O 
Peripheral T cell lymphoma 25 O 
Lympnoblastic lymphoma, thymic type 20 Q 
Lympsoblastic leukemia 12 Q 
Total 74 0 
Miscellaneous 
Carciroma 20 0 
Fibrosarcoma 2 0 
Osteosarcoma 1 0 
Total 23 0 


Staining was performed on cryostat tissue sections as described in the 
text, or by the APAAP immunoenzymatic procedure on blood or bone 
marrow smears, or on cytocentrifuge preparations. in all cases scored as 
positive, the majority (> 70%) of neoplastic cells gave a positive 
reaction. 

*Centrcblastic-centrocytic lymphoma is approximately equivalent to 
folicular lynphoma in other classifications. 

tCentrcbiastic and immunobiastic lymphoma are equivalent to “‘his- 
tiocytic lymphoma, diffuse” in the Rappaport classification. 


were imraunoprecipitated is in keeping with a similar report 
from Moldenhauer and colleagues on two other anti-CD22 
antibodies." 

The two anti-CD22 antibodies clearly delineated B cell 
follicles in cryostat sections of lymphoid tissue and did so 
with greater clarity than did either BI (anti-CD20) or B2 
(anti-CD21). Hofman and co-workers” also found that 
antibody BI labeled germinal center cells but only a propor- 
tion of mantle zone lymphocytes; in contrast, Bhan and 


co-workers”! reported labeling of all cells in lymphoid folli- 
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cles (both mantle zones and germinal centers). This discrep- 
ancy may relate to the relative sensitivities of labeling 
methods. When adjacent lymphoid tissue sections were 
stained with antibody BI and anti-CD22 antibodies, how- 
ever, the former reagent consistently gave weaker reactions. 
In this context, the initial detection of the two anti-CD22 
antibodies by screening on tissue sections (rather than by 
binding to cell suspensions, used in screening for antibody 
B1) may account for their better reactivity as immunohisto- 
logical reagents. 

Anti-CD22 antibodies thus appear to be valuable reagents 
for labeling B cells in tissue sections and also in cell smears, 
and are comparable in our experience to antibodies against 
the 95,000 mol wt B cell-associated marker CD19 (first 
detected by antibody B4).” They appear to be specific for B 
cells, with the exceptions of weak reactions with FDRCs and 
epithelioid histiocytes. Furthermore, the reaction of anti- 
CD22 with epithelioid histiocytes and FDRCs was less 
pronounced than the labeling of these cells by antibodies B] 
and B2, respectively. 

As shown in Table 1, positive labeling with the anti-CD22 
antibodies was obtained in most B cell neoplasms in tissue 
sections or cell smears. The negative reactions of cases of 
myeloma is in keeping with observations that a number of 
other human B cell antigens are lost during terminal differ- 
entiation to plasma cells.” The only positive reactions against 
neoplastic cells other than B cells were those occasionally 
observed with cells from myeloid leukemia (Table 1). This 
may be related to the observation that CD22 is weakly 
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expressed by epithelioid histiocytes (ie, by another cell type 
of myeloid /monocytic origin). 

The broad spectrum of reactivity of anti-CD22 ant: bodies 
against neoplastic B cells observed in the present study 
contrasts with other reports that the CD22 antigen is unde- 
tectable on many B cell neoplasms.’ This discrepancy may be 
related to reports that the CD22 antigen is initially found 
curing B cell maturation in the cell cytoplasm, and only 
subsequently emerges onto the cell surface.” In conse- 
quence, blast cells in cases of common ALL contain cyioplas- 
mic CD22 but lack this antigen on their surface. >” Phorbol 
ester stimulation of common ALL and pre-B cell lines can 
induce membrane expression of CD22, however.” The prac- 
tical implication of these observations is that immunocyto- 
chemical staining methods that allow antibodies to gain 
access to the cell interior (ie, in fixed cell smears or tissue 
sections) will reveal cytoplasmic CD22, whereas staining of 
cells in suspension will only reveal surface membrane anti- 
gen. 

Whatever the explanation of the higher positivity rate for 
CD22 antigen on neoplastic B cells in the present study as 
compared with previous reports,’ it is evident that these 
monoclonal anti-CD22 antibodies will detect most B cell 
neoplasms studied in tissue sections or cell smears. Because 
identification of neoplastic cell lineage on the basis of at least 
two independent markers is advisable, we believe that in 
routine diagnostic practice a combination of anti-CDi9 and 
CD22 antibodies constitutes a reliable pair of reagents for 
detecting B cell neoplasms. 
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Evaluation of Circulating Malignant Cells Provides Prognostic Information 
in Cutaneous T Cell Lymphoma 


By Geraldine P. Schechter, Edward A. Sausville, A. Betty Fischmann, Frances Soehnien, Joyce Eddy, Mary Matthews, 
Adi Gazdar, John Guccion, Dianne Munson, Robert Makuch, and Paul A. Bunn, Jr 


Peripheral blood lymphocyte morphology was evaluated 
prospectively by light microscopy of blood smears and E 
rosette preparations in 160 patients with cutaneous T cell 
lymphoma (CTCL). Blood involvement was related to the 
type of cutaneous T-stage, being present in 90% of 
patients with erythroderma (T4), 27% of those with cuta- 
neous tumors (T3), 9% of those with generalized (T2), and 
0% of those with limited skin plaques {T1}. Untreated 
patients with blood involvement (38 of 105) had a higher 
frequency of CTCL in lymph nodes and viscera and survival 
inferior to that of patients with normal or nondiagnostic 
lymphocyte morphology (P < .001). Multivariate analysis 
showed skin stage and age to be the most important 
pretreatment risk factors for survival. Although blood 
involvement was not an independent risk factor for the 


OR MANY YEARS, mycosis fungoides (MF) was 
considered primarily a cutaneous disorder, with 
plaques, cutaneous tumors, and erythroderma recognized as 
types of skin involvement.’ In 1938, Sézary and Bouvrain 
described a group of patients with generalized erythroderma 
who had large, bizarre mononuclear cells in the peripheral 
blood.’ Similarities between the erythrodermic form of MF 
and the Sézary syndrome (SS) were soon recognized. In 
1970, Crossen and colleagues showed that the abnormal cells 
of SS were malignant lymphocytes’; subsequently, both MF 
and SS were shown to be malignant proliferations of mature 
helper T cells.*’ Because of their similar clinical and histo- 
pathologic features, the term cutaneous T cell lymphoma 
(CTCL) has been used to include both MF and SS*’ in a 
spectrum of disease. At one end of the spectrum is non- 
erythrodermic MF limited to the skin; at the other extreme is 
SS with erythroderma and frank leukemia. 

Using light microscopy, Clendenning and colleagues 
reported that up to 20% of advanced plaque/tumor MF 
patients without erythroderma had circulating convoluted 
cells similar to those of SS.'° Other investigators reported 
that these cells could be identified by cytologic features and 
electron microscopy as well as by cytogenetic and DNA 
content analyses." 

Several studies addressed the clinical implications of blood 
involvement'*'?; however, systematic evaluation prior to 
therapy was not fully explored until recently. Vonderheid 
and colleagues showed that prognosis was influenced 
adversely when there were > 10% Sézary cells'’ or increased 
proportions of large convoluted cells. °? We previously 
reported that peripheral blood involvement had significant 
impact on prognosis in a small group of prospectively staged 
patients.°*! That series has now been extended to 160 
patients with CTCL to define the frequency, extent, and 
morphological variety of circulating CTCL cells detected by 
light microscopy and to determine the importance of these 
features for prognosis. 


METHODS AND MATERIALS 


Patients. The clinical features of the 160 CTCL patients studied 
by the NCI-Navy Medical Oncology Branch and the Hematology, 
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entire group, it appeared to have some adverse influence in 
the T2/T3 subsets (P = .051). Both lymphocytosis and size 
distribution of the circulating CTCL cells at initial diagnosis 
influenced survival. Patients with “mixed cell” cytology 
(>20% large [>11 um] CTCL cells), had a worse survival 
than those with predominantly small circulating CTCL cells 
(P = .009). The former were more likely to have aggressive 
features, including lymph node effacement by tumor [P < 
.001) and visceral disease {P = .074), than were “small 
cell” patients. Our data indicate that detailed review of the 
blood lymphocyte morphology in patients with diagnosed 
or suspected CTCL is helpful in predicting extent of disease 
and prognosis. 

e 1987 by Grune & Stratton, Inc. 


Dermatology, or Medical Oncology Sections of the Washington 
Veterans Administration Medical Center between June 1975 and 
March 1984 are shown in Table 1. Informed consent for the staging 
procedures and subsequent treatment was obtained for all patients 
according to the policies of the human studies review boards of the 
National Naval Medical Center or the Veterans Administration 
Medical Center and the National Institutes of Health. Group I 
comprised 105 patients who were staged within 12 months (median 
1.4 months) of initial diagnosis and had received no systemic 
chemotherapy prior to staging. The remaining 55 patients (group H) 
had received prior chemotherapy or were staged >i year from 
diagnosis and were not evaluated for survival. Group | patients were 
entered into two sequential CTCL treatment protocols. The first 39 
patients were treated with total-skin electron-beam radiotherapy 
and chemotherapy”; the remaining patients were randomized to 
either intensive combined modality therapy or sequential palliative 
therapies.” Group I patients were followed for a median of 54 
months. 

Staging evaluation. One dermatologist (A.B.F.) characterized 
the skin lesions using the TNM classification for cutaneous T cell 
lymphoma.’ In the first 40 patients, a lymph node was biopsied only 
if lymphadenopathy existed. Subsequently, blind biopsies were also 
attempted in patients without palpable nodes. The histopathologic 
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Table 1. Clinical Features of CTCL Subjects 


Characteristic Group |* 

No. of subjects 105 
M/F 73/32 
White/black 73/31 
Age at diagnosis (yr), 

mean (range) 53 (22-75) 
Time from diagnosis 

to staging (mo), 

median (range) 1.4 (<1-12) 
Skin class n (%) 

T1, limited plaque 13 (12) 

T2, generalized plaque 35 (33) 

T3, skin tumors 22 (21) 

T4., erythroderma 35 (33) 


Group lit Total 
55 160 
30/25 103/57 
44/11 117/42 
50 (19-75) 52 (19-75) 
34 (<1-176) 2.8 (< 1-176) 
4(7) 17 (11) 
22 (40) 57 (36) 
13 (24) 35 (22) 
16 (29) 51 (32) 





CTCL, cutaneous T cell lymphoma. 


*Group | patients were staged within 12 months of diagnosis and had received no systemic cytotoxic chemotherapy prior to evaluation of lymphocyte 


morphology. 


tGroup II patients had received prior systemic chemotherapy and/or had been diagnosed > 12 months before evaluation or were lost to follow-up after 


imtial studies. 


findings of the lymph node biopsies were classified according to the 
number of atypical cells in paracortical node areas and the degree of 
node effacement.” This classification describes node involvement as 
LN1 (no atypical cells), LN2 (small clusters of atypical cells), LN3 
(large clusters of atypical cells). and LN4 (partial or total efface- 
ment of normal architecture by malignant cells). The initial staging 
evaluation also included a chest x-ray, lymphangiogram, liver biop- 
sy, and bone marrow biopsy. In the last 60 patients, liver biopsy was 
performed only if adenopathy, LN3 or LN4 node histopathology, or 
blood involvement existed. 

Peripheral blood studies. Peripheral blood lymphocyte mor- 
phology was evaluated by one hematologist (G.P.S.) using light 
microscopy at x 1,500 magnification without knowledge of the type 
of skin lesions or other physical findings. Every patient had a WBC 
count and a differential count of a Wright's-Giemsa—stained smear 
that included evaluation of the nuclear morphology of at least 50 
lymphocytes in areas devoid of rouleaux formation. In 145 patients, 
blood mononuclear cells were isolated by Ficoll-Hypaque centrifu- 
gation and the percentage of cells binding AET-treated sheep red 
cells (SRBCs) (133 patients) or unmodified SRBC (12 patients) was 
determined.” The morphology of 200 E rosetted T lymphocytes 
was then examined on Wright's-Giemsa-stained cytocentrifuge 
preparations. Fluorescent antiimmunoglobulin antisera 
(Meloy, Springfield, VA) and fluorescence microscopy were used to 
determine the percentage of B cells in 90 patients. 

The criteria for the diagnosis of CTCL infiltration of the blood 
were developed during our initial comparisons of lymphocyte mor- 
phology of CTCL patients with that of normal individuals and 
patients with nonmalignant skin disorders or lymphopenia.” Atypi- 
cal cells were grouped in the following categories, except for 
lymphoid cells with cytoplasmic granules which were excluded. 
Category | describes small convoluted lymphocytes, cells <11 um in 
diameter, with a nuclear density similar to or greater than that of 
normal lymphocytes and having nuclear grooves, cleaves, convolu- 
tions, or folds (Fig la through c). Category 2 describes large 
convoluted lymphocytes, cells >11] um in diameter with nuclear 
abnormalities as described in category | or with dense hyperchro- 
matic nuclear chromatin (Fig 2a,b). Category 3 describes “atypical” 
nonconvoluted lymphocytes, cells +11 ym without nuclear irregular- 
ities or convolutions but containing fine nuclear chromatin and/or 
nucleoli (blastlike or “transformed” cells, Fig 2d, arrow). 

A diagnosis of blood involvement by CTCL was made if the sum 
of the convoluted cells (categories | and 2) was =20% of the 


lymphocytes in a blood smear and/or =>10% of the lymphocytes in 
the E-rosetted cytocentrifuge preparations (ERCs). Category 3 cells 
were generally not considered diagnostic, except in one patient with 
marginal numbers of convoluted cells and numerous nonconvoluted 
tumor cells 

Thirteen blood smears and 15 ERC preparations from 21 patients 
with <4,000 lymphocytes/uL, had cells that resembled the small 
convoluted cell type (category 1) but convolutions were minimal 
(single folds or small clefts), and category 2 cells were rare or absent. 
These patients were considered to have abnormal but nondiagnostic 
lymphocyte morphology. Thus, three groups of patients were identi- 
fied with respect to their lymphocyte morphology: (a) positive for 
CTCL, (b) abnormal but nondiagnostic for CTCL, and (c) within 
normal limits. For purposes of analysis, patients with positive 
peripheral ymphocyte morphology were in all cases compared with 
the combined negative and abnormal! but nondiagnostic patients. 





Fig 1. 
preparations from three patients with cutaneous T cell lymphoma 
(CTCL) of the small cell type, original magnification x 1,400; 
current magnification x910; (A) mycosis fungoides (T2); (B.C) 
erythrodermic CTCL (T4). The morphology of the CTCL cells 
tended to be uniform, with the diameter of >90% of the cells 
between 8 0 and 10.5 um. 


Peripheral blood lymphocytes in smears and E rosette 


CIRCULATING CUTANEOUS T CELL LYMPHOMA CELLS 


Fig 2. Peripheral blood lymphocytes on 
smear and E rosette preparations from five 
patients with cutaneous T cell lymphoma 
(CTCL) of the mixed cell type, original magnifi- 
cation x 1,400; current magnification x910; (A) 
mycosis fungoides (T3); (B-E) erythrodermic 
CTCL (T4). The CTCL cells were highly pleo- 
morphic and varied between patients and 
within the same patient. The diameters ranged 
between 8 and 17 um in diameter. Tumor cells 
containing densely hyperchromatic nuclei 
(A,B), hyperconvoluted nuclei (B.E.F), nuclei 
with finely dispersed chromatin without convo- 
lutions (D, arrow) or only with vague grooving 
and rarely with nuclear segmentation were 
noted. 


In patients with positive blood, two groups were identified on the 
basis of the size distribution of the convoluted cells, a mixed-cell 
variant and a small-cell variant. Mixed-cell patients had a ratio of 
category | to category 2 cells of <4, with the percentage of large 
convoluted cells varying between 22% and 67% of all convoluted 
cells. In the small-cell patients, the ratio was >4, and the median 
percentage of small convoluted cells was 94%. Tumor cells in the 
small-cell patients were fairly uniform, with round nuclei and subtle 
to distinct nuclear grooves, simple folding, or figure 8 shapes (Fig 1). 
Cells >12 um were rare. Mixed-cell patients demonstrated greater 
variability in cytologic characteristics. Frequently, a wide range of 
cell diameters from 8 to 17+ um existed in the individual patient, 
with a few patients having predominantly large (>11 yum) cells. 
Nuclei were often ovoid, with highly bizarre and pleomorphic 
convolutions and dense chromatin (Fig 2). In some mixed-cell 
patients, the tumor cells had more finely divided nuclear chromatin 
and prominent nucleoli (Fig 2d). Cytoplasm was usually scant in the 
small-cell patients and frequently abundant in the mixed-cell 
patients. Occasionally, extensive vacuolation occurred in both vari- 
ants. 

The light microscopic findings were compared with those made 
independently by J.G. using electron microscopy in 78 consecutive 
patients. The concordance between the light-microscopic and elec- 
tron-microscopic interpretations was 84%. In 2 of 33 instances, a 
positive light-microscopic interpretation was not confirmed by elec- 
tron microscopy; one of these cases was an erythrodermic patient 
with a frank leukemia of mature T cells with minor nuclear folding. 
Eleven patients positive by electron-microscopic criteria (>6% con- 
voluted cells) were negative (5 patients) or abnormal/nondiagnostic 
(6 patients) by light microscopy. For the clinical analyses here, these 
11 patients were retained in the negative or nondiagnostic groups. 
The electron-microscopic evaluation of the first 49 patients has been 
published.” 

Control subjects. During this study, the lymphocyte morphol- 
ogy of 71 individuals with diagnoses other than CTCL were also 
evaluated. This group included 28 normal subjects, 25 subjects with 
acute and chronic skin disorders, 13 patients with B cell lymphopro- 
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liferative disorders, and 6 patients with lymphopenia. More than 
50% of the preparations from the control subjects were evaluated 
without knowledge of the diagnosis, interspersed among groups ol 
slides from CTCL patients. 

Statistical methods. 
performed using standard chi-square tests, corrected for continuity 
where appropriate. Comparisons between groups of continuous data 
were made using the nonparametric Kruskal-Wallis one-way analy- 
sis of variance.” Survival curves were estimated from the date of 


Comparative analysis of discrete data was 


diagnosis to the most recent follow-up date/death date using the 
Kaplan-Meier method.” Patients dying from any cause were consid- 
ered failures, ie. uncensored observations. The method described by 
Mantel” was used to compare survival curves unadjusted for any 
covariates. Once these univariate analyses were completed, a multi- 
variate analysis was undertaken to determine the relative impor- 
tance of several factors, simultaneously using the life-table regres- 
sion approach of Cox.” A ranking of the relative importance of these 
factors was established using both a forward step-up approach and a 
backward step-down approach. All P values in this report correspond 
to two-sided significance tests. Both approaches gave the same final 
set of independent and important prognostic factors 


RESULTS 


Concordance of the peripheral smear and ERC evalua- 
tion in CTCL. Sixty patients (38%) were identified as 
having one or both preparations (blood smear or ERC) 
diagnostic for CTCL blood involvement. The remaining 
patients had either normal lymphocyte morphology (79 
patients, 48%) or abnormal/nondiagnostic morphology on 
either the smear or ERC (21 patients, 14%). Of 145 patients 
studied, 45 had both positive smear and ERC preparations 
The percentage of convoluted cells on smear (Fig 3) corre- 
lated significantly with the percentage of convoluted T cells 
noted on the ERC preparations (P < .001), In five patients, 
one of the preparations was considered positive (ERC 4, 
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Fig 3. Percentage of convoluted lymphoid 
celis per 100 lymphocytes in peripheral blood 
smears in 60 subjects with noncutaneous T cell 
lymphoma (non-CTCL} and 160 CTCL subjects 
grouped according to skin stages T1 through T4 
and palpable adenopathy in T2. The percentage of 
CTCL. convoluted E rosetted cells in the 145 CTCL 


Subjects Plaque (T}) {T2) Stage Mycosis Erythroderma patients who also had È rosette preparations (data 
N=60 NEL? WITHOUT WITH Fungoides iT T4) ianif i ‘ 
Shiu donee: DNLO š A — 3) 1! b not shown) correlated significantly with the per 
N=27 N=30 centage of convoluted cells on smear {P < .001). 


smear 1) whereas the other was not. Two patients with 
positive smears had inadequate ERC preparations due to 
extremely low percentages of T cells (<12%), and eight did 
not have an ERC study. 

An abnormally low percentage of T cells (<58% AET- or 
<45% unmodified E rosettes) occurred in 11% of the patients 
and was associated with blood involvement in 13 of 17 
instances. Eleven patients had a low percentage of B cells 
(<4%); B cell lymphopenia was apparently due to dilution in 
six patients with frank CTCL cell leukemia. It was unex- 
plained in five patients with normal lymphocyte counts, three 
of whom had peripheral blood involvement. 

No preparation from the 71 non-CTCL subjects, including 
60 blood smears and 24 ERC preparations, met the criteria 
for infiltration by CTCL cells. Sixty-six non-CTCL subjects 
had completely normal lymphocyte morphology. Five non- 
CTCL subjects (7%) had abnormal lymphocyte morphology 
(smear 4, ERC 2) associated with diagnoses of follicular 
lymphoma, reaction to phenytoin, severe lymphopenia, and 
lymphomatoid granulomatosis (Fig 3). 

Correlation of circulating CTCL cells with skin, node, 
and visceral disease. Diagnostic blood involvement was 
significantly associated with advanced skin disease (Table 2 
and Fig 3), with a similar trend for patients with abnormal! 
but not diagnostic morphology. Overall, 90% of erythroder- 
mic (T4) and 13% of the nonerythrodermic (T1 through T3) 
patients had positive smears and/or ERC preparations. The 
erythrodermic patients with normal (three patients) or 
abnormal but not diagnostic (two patients) morphology were 
all moderately to severely lymphopenic (540 to 1,200/#L). 
In patients without erythroderma, blood involvement was 
always associated with advanced disease, as judged by the 
presence of adenopathy (if T2) or cutaneous tumors (T3). 


No patient with limited plaque disease or generalized plaque 
without palpable adenopathy had circulating CTCL cells 
detected by light microscopy. There was no difference in the 
frequency of blood involvement between group I (no prior 
treatment) and group H (prior treatment or delayed stag- 
ing). 

The association of blood involvement at initial diagnosis of 
CTCL (group | patients only) with lymphadenopathy, lymph 
node histology, and visceral involvement is shown in Table 3. 
Patients with blood involvement were more likely to have 
adenopathy (P = .002), lymph node involvement (LN3 or 
LN4) (P < .001), and visceral disease (P < .001) than were 
patients with normal or nondiagnostic lymphocyte morpholo- 
gy. Visceral involvement and lymph node effacement (LN4) 


Table 2. Correlation of Skin Stage With Circulating CTCL Cells 
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Patients Group |* Group H* Total 

Tit 0/13 {0} 0/4 (0) 0/17 (0) 
T2 

Adenopathy absent 0/17 {0} 0/10 {0} 0/27 {0} 

Adenopathy present 3/18 {17} 2/12 (17) 5/30 (17) 
73 4/22 {18} 5/13 (38) 9/35 (27) 
Ti-T3 7/70 (410) 7/39 (18) 14/109 (13) 
Tå 31/35 (89) 15/16 (94) 46/51 (90) 


Total (T 1-74) 38/105 (36) 22/55 (40) 60/160 (38) 


a a a a TL Te 


CTCL. cutaneous T cell lymphoma. 

*Group |, no prior treatment; group H, prior treatment or delayed 
staging. 

tT refers to the TNM”™ staging system tor cutaneous T cell lymphoma: 
T1, <10% plaque; T2, >10% plaque: T3, cutaneous tumors: T4, 
erythroderma. 
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Table 3. Correlation of Biood Involvement With Lymph Node and Visceral Disease at Initial Diagnosis of CTCL in Group | 
No. of Patients (%} With | 
Palpable Adenopathy Node Histology * Visceral involvement? 

Blood Present Absent LN1/2 LN3 LN4 Positive Negative 
Positive {n = 38) 32 (84) 6 (16) 3 (9) 15 (43) 17 {49} 14 (33) 22 {67} 
Negative (n = 67) 36 (55) 30 (45) 31 (54) 25 (44) 1 (2} 5 (8) 60 (92) 
P .002 <.001 <,004 





CTCL. cutaneous T cell lymphoma. 
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*LN 1/2 nodes were not diagnostically involved by CTCL. LN3 and LN4 nodes were infiltrated with CTCL, with LN4 nodes showing effacement of the 


normal architecture. 2s 
tLiver or marrow biopsy positive. 


were uncommon in patients with negative blood findings (5 
of 65 and 1 of 57, respectively). 

Correlation of lymphocyte number and morphology with 
other prognostic features in patients with positive peripheral 
blood. The correlation of lymphocyte concentration, pro- 
portion of convoluted cells, and cell size distribution with 
skin class for all patients (groups I and I) with positive 
peripheral blood is shown in Table 4. Erythrodermic patients 
(T4) were significantly (P = .043) more likely to have high 
lymphocyte counts than were plaque/tumor (T2/T3) 
patients and a higher proportion (>20%) of large cells 


Table 4. Lymphocyte Concentration and Cell Morphology Related 
to Skin Class in Patients With Circulating CTCL Celts 


Skin Class 
2.3 T4 
Factor in = 14} in = 46) P 
Lymphocyte concentration (per uL) 
< 4,000 12 (86)* 22 {48} 
4,000- 10,000 1 (7) 11 (24) 043+ 
> 10,000 117) 13 (29) 
Cell size distribution 
Small cell type 11179) 22 {48} 043+ 
Mixed cell type 3 {21} 24 (52) 
Convoluted celis (%) 
Median (range) 
Smear 39 (5-82) 62(11-98) .025ł 
ERC 35 (18-70) 47(9-99) 11t 


CTCL, cutaneous T cell lymphoma; ERC, E-rosetted cytocentrifuge 
preparations. 

Group | and group li are inclusive. 

*Number of patients (9). 

¢ Chi-square test. 

{Mann-Whitney test. 


(mixed-cell type) (P = .043). T4 patients also had higher 
proportions of convoluted cells noted on smear than did the 
T2/T3 patients (P = .025). 

The correspondence between lymphocyte count or cell size 
and lymph node biopsy findings and visceral disease in group 
I patients is shown in Table 5. Patients with small CTCL 
cells were unlikely to have node effacement at initial diag- 
nosis of CTCL, whereas 83% of patients with mixed-cell type 
had lymph node effacement (LLN4). Visceral involvement at 
diagnosis was more closely associated with high lymphocyte 
counts (>4,000/uL) and, to a lesser extent, with the mixed- 
cell type (P = .015 and P = .074, respectively). Lymph node 
effacement (L.N4) was also associated with higher lympho- 
cyte counts but more particularly with the mixed-cell type 
(P = .069 and P < .001, respectively). In group I patients, 
neither type of skin disease nor adenopathy was associated 
with absolute lymphocyte counts or with cell size. 

Mixed-cell patients had a higher frequency of lymphocy- 
tosis than did small-cell patients (12 of 20 v 4 of 18, P = 
.061). They also had higher percentages of convoluted lym- 
phocytes and nonconvoluted tumor cells on smear (P = .008 
and P = .003, respectively) and a lower fraction of lympho- 
cytes with normal morphology (in patients with <6,000/nL, 
P = 046) (Table 6). 

Prognostic significance of peripheral blood find- 
ings. The actuarial survival of group I patients with diag- 
nostic blood findings is shown in Fig 4. Patients with positive 
blood, either by smear or cytology, had a survival inferior to 
that of patients without positive blood {P < .001), with 
estimated 5-year survivals of 22% and 76%, respectively. 

Lymphocyte size influenced survival in the patients with 
positive lymphocyte morphology. The actuarial survival of 
the mixed-cell patients was significantly shorter than that of 
patients with the small-cell type (23 v 51 months, P = .009; 


Tabie 5. Correlation of Lymphocyte Count and Morphology With Lymph Node and Visceral Involvement in Positive Group i Patients 


Visceral Involvement 


Factor -$ m 


Lymphocyte concentration (ul) 


> 10,000 6 1 

4,000- 10,000 3 5 

<4,000 5 16 
Cell size 

Small (n = 18) 4 13 

Mixed (n = 20) 10 9 





Node Histology 
P LN2 LN3 LN4 P 
0 1 6 
015 0 4 4 O83 
3 10 7 
074 3 12 2 < OOF 
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Table 6. Concentration and Proportions of CTCL Cells and Normal Lymphocytes at initial Diagnosis of Small-Cell and Mixed-Cell Patients 


Smaii-Ceil Mixed-Cell 
Patients Patients 
Factor (n= 18) in = 26) P 
Lymphocyte concentration 
Median per micreliter (range) 2,500 (1,300-93,000) 4,575 (87C~- 120,900) .041* 
Proportion of convoluted celis} 
Median % (range) 
Smear 38 (5-98) 73 (30-96) .008* 
ERC 38 (13-76) 47 (18-99) VE iy 
Proportion of noncenvoluted cells > 11 umt 
Median % (range) 5 {0-12} 11 (0-64) 003* 
Proportion of normal lymphocytest t 
Median % (range) 38 (8-72) 16 (3-68) 046" 
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Abbreviations as in Tabie 4. 
*Mann-Whitney test. 

tPer 100 lymphocytes. 

tin patients with <6,000 lymphocytes/jL. 


Fig SA). Similarly, Fig 5B shows that patients with small- 
cell CTCL involvement of blood and <4,000 lymphocytes / 
uL had a significantly improved survival in comparison with 
mixed-cell patients with <4,000/ul (P = .025) or all 


Multivariate analysis of prognostic factors. To examine 
the effect on survival of several parameters simultaneously, 
the Cox life-table regression method was used in conjunction 
with two distinct ways of determining what variables would 
form the final statistical model. For the first approach, all 
variables given in Table 7 and examined in a univariate 
analysis were included. Using standard likelihood ratio pro- 
cedures, a backward step-down approach was used to elimi- 
nate those variables found not to be significantly associated 
with survival at the .05 significance level. 

Age, skin class, lymph node histology, adenopathy, and 
visceral disease as well as blood involvement were each 
significant predictors of inferior survival when analyzed in a 
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Fig 4. Actuarial survival of group | cutaneous T cell lymphoma 
{CTCL) patients with anormal or nondiagnostic peripheral blood 
morphology (blood negative) differed significantly from that of 
patients with circulating CTCL cells (blood positive}: (P < .001). 


univariate fashion (Table 7). In the multivariate analysis, the 
only significant factors were skin class and age (P < .001 and 
P = Q25, respectively). A forward step-up procedure was 
used as the second approach and resulted in the selection of 
these same two factors. With these two vartables in the 
model, all remaining variables were not significant at the P = 
.05 level. Thus, T-class and age remained the most important 
and independent prognostic indicators of survival, with TI 
and T2 patients and those patients aged <50 years associated 
with a favorable prognosis. Adjusted Mantel-Haenszel anal- 
yses also were used to confirm these findings. 

Blood involvement was not a significant factor in the final 
model once age and T-class were included (P = .31). This 
finding is readily explained by the fact that blood involve- 
ment and T-class are highly associated (P < .001). The 
importance of age in this model remains although almost all 
deaths in this series were relatable to progressive cutaneous T 
cell lymphoma. Further analyses were made to determine if 
first including blood involvement in the model would elimi- 
nate the need for subsequently introducing T-class or age 
into the model. Because both T-class and age still entered the 
model, however, blood involvement appears not to have been 
an independent prognostic factor for the entire group of 
patients. In the subset of patients with T2 (generalized 
plaque) and T3 (cutaneous tumor) skin disease, however, 
blood involvement was (P = .051) associated with inferior 
prognosis (Fig 6). Although the number of patients in the 
nonerythrodermic, blood-positive subgroup was small, their 
inferior survival reinforces the potential usefulness of blood 
involvement in the prospective evaluation of this subgroup of 
patients with CTCL. 


DISCUSSION 


in this study of a large number of patients with cutaneous 
T cell lymphoma, we found that peripheral blood infiltration 
correlated with established prognostic factors, including 
advanced skin disease, palpable adenopathy, lymph node and 
visceral involvement, and olcer age. In this series, no patient 
with limited plaque disease or generalized plaques without 
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Fig 5. {A) Actuarial survival of group | cutaneous T cell 
lymphoma (CTCL) patients with blood involvement of the smali cell 
type differed significantly from that of patients demonstrating 
>20% large cells (mixed cell type), (P = .009). (B) Actuarial 
survival of small cell type and mixed cell type patients according to 
lymphocyte concentration. Survival of patients with smali cell 
CTCL with <4,000 lymphocytes / uL differed from that of patients 
with mixed cell type with <4,000/uL {P = .015) and from all 
patients with >4,000/ pt [P = .032). 


adenopathy had blood involvement. Approximately 22% of 
plaque patients with adenopathy and/or skin tumors had 
blood involvement on detailed review of the peripheral blood 
smear or T cell cytology. In contrast, 90% of those with 
erythroderma had blood infiltration. In patients with blood 
involvement, we further identified >20% large convoluted 
cells or an absolute lymphocytosis as poor prognostic fea- 
tures. 

The original description of SS directed attention to the 
importance of peripheral blood involvement in this disorder.’ 
Many years later, using electron microscopy, Lutzner and 
co-workers recognized considerable variation in the size of 
Sézary cells and described a variant in which small cells 
predominated.’' The recognition that mycosis fungoides and 
the Sézary syndrome were related disorders, malignancies of 
mature helper T cells, led to the discovery of circulating 
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SURVIVAL IN MONTHS 
Fig 6. Actuarial survival of plaque and tumor {T2 and T3) 


cutaneous T cell lymphoma (CTCL) patients with blood involve- 
ment was inferior to those without blood involvement {P = 
0.051). 


“mycosis cells” in ~20% of mycosis fungoides pa- 
tients. 1141872334 Correlation with other clinical and patho- 
logic findings and prognosis have been addressed, however, 
in only a few of these studies.’*'” Our study affirms that the 
frequency of blood involvement is directly correlated with the 
type of skin lesion and other features of advanced stage. 
Tumor cell morphology did not differ between the erythro- 
dermic (T4) or classic Sézary syndrome patients and the 
T2/T3 mycosis fungoides patients except that lymphocytosis 
and the mixed-cell type was more prevalent in the T4 
patients. The presence of circulating tumor cells in a univar- 
iate analysis was associated with an inferior survival: how- 
ever, multivariate analysis established that whereas both skin 
class and age > 50 years were independent risk factors in this 
series, peripheral blood involvement was not. When T2 and 
T3 skin disease patients were evaluated separately, blood 
involvement appeared to affect survival adversely. 

When Lutzner and co-workers described the small-cell 
variant Sézary cell, no prognostic significance was attributed 
to cell size. In the B cell lymphomas, nearly all studies show 
that large cell size is associated with a more aggressive 
natural history.” In this study, we demonstrated that CTCL 
patients with >20% of large convoluted cells (mixed-cell 
type) have shorter survival than those with blood involve- 
ment having predominantly small cells. 

The mixed-cell type was strongly associated with features 
of aggressive disease, including lymph node effacement, 
visceral involvement, increased proportions of convoluted 
cells, and higher absolute concentrations. Vonderheid and 
colleagues recently reported that survival in a group of 
erythroderma patients was more closely related to the pro- 
portion of large convoluted cells (15 to 20 wm) than to the 
relative or absolute number of convoluted cells.' Our data 
support earlier results of Vonderheid and colleagues” in that 
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Tabie 7. Pretreatment Characteristics and Their Relation to Survival for Group | Patients in = 105) 








No. of Group Univariate 
Characteristic and Description Patients in Analysis (Observed/Expacted)* F Value 

Age (<50 v =50) 101 Age <50 (7/15.64) .003 
Sex 105 Male (23/23.72} .790 
Race 104 White (24/22.99) 710 
Diagnosis to staging (<1 month v = 1 month) 105 <1 month (18/17.14) .770 
Skin class (Ti v T2 v T3 v T4)+ 105 T1 (1/4.63) <,001 

T2 (4/13.33) 

T3 (11/5.66) 

T4 (18/10.38) 
Lymph node histology (LN7/2 vLN3 viN4) 92 LN 1/2 (6/12.51) .002 

LN3 (15/13.99} 

LN4 (9/3.59) 
Adenopathy (palpable v not palpable) 104 Present (30/2 1.15) .002 
Blood invoivement (smear or ERC positive) 105 CTCL (22/10.75) “001 
Visceral disease (liver or marrow involved) 101 Present (11/4.16) <,001 


Tananan nasaian a aaa aaa ameter ec tee TRE RRC RTT Te ee E ean San Een OTTO 
EAA HAHEI minimnya, 


CTCL, cutaneous T cell lymphoma. 


*Observed/expected is the observed number of failures in the defined group divided by the expected number of failures in the group. The expected 
value is calculated using the standard procedure described by Mantels: under the null hypothesis that there exists no difference between the groups. 

tAIl pair-wise comparisons between different T categories were significant to P < .05 except T1 v T2 (P = .78) and T3 v T4 (P = 0.75). For 
multivariate analysis, the T1 and T2 patients were combined; similarly, the T3 and T4 patients were combined. 


the number of circulating tumor cells also had an effect on 
outcome. In our series, in addition to cell size, lymphocytosis 
had an adverse effect on survival. This effect was most 
clearly seen in a survival advantage for small-cell patients 
with normal lymphocyte cencentrations. For patients with 
elevated lymphocyte counts, survival was poor irrespective of 
cell size. 

Occasional cells with electron-microscopic morphology 
similar to that of Sézary cells are frequently found in the skin 
and blood of patients with benign dermatoses.’ These 
findings are not surprising since CTCL represents a malig- 
nancy of mature helper T cells, and normal as well as reactive 
T cells may resemble their malignant counterpart morpho- 
logically.’ In our series, patients with benign disorders did 
not have cells with the degree of the nuclear abnormalities 
and density of chromatin found in CTCL. No patient with a 
benign skin disorder and no normal individual met our 
criteria for CTCL cell infiltration. Occasional patients with 
CTCL had increased numbers of cells with minor nuclear 
irregularities. These patients were predominantly from 
advanced disease subsets. Determination of whether the 
lymphoid cells in these patients represent reactive cells or 
circulating tumor cells with a relatively bland morphology 
must await techniques that can clearly establish clonality 
and measure the extent of the infiltration. Use of DNA 
probes for the 8 T cell receptor gene has demonstrated clonal 
rearrangements in tissues histologically involved with 
CTCL.” With the sensitivity to detect 1% to 5% tumor 
cells in a population, DNA probes also offer promise of 
detecting CTCL cells in apparently benign lymph nodes with 


dermatopathic lymphadenopathy” and among circulating 
lymphocytes. In this study, E rosette cytology did not 
increase fhe sensitivity of detecting peripheral blood involve- 
ment, since only four patients had a positive ERC after a 
negative or suspicious smear was found. We previously 
reported similar results with electron microscopy,” and 
probably neither expensive procedure would increase the 
yield of positive findings. Cytogenetic analysis clearly does 
increase the sensitivity of detection, and flow cytometry may 
detect small numbers of cells when aneuploidy is present.'*° 
The prognostic significance of detecting small numbers of 
such cells is unclear, however. 

Detailed examination of peripheral blood smears is a 
noninvasive, inexpensive means of assessing extracutaneous 
involvement by CTCL. In nonerythrodermic CTCL, our 
results suggest that identification of blood involvement may 
be useful in identifying a small subset of patients with 
inferior survival while they are receiving current therapy. 
Because blood involvement is nearly universal in erythroder- 
mic CTCL, examination of the peripheral blood smear can 
also be helpful in confirming a diagnosis of CTCL in patients 
with chronic erythroderma and nondiagnostic skin biopsies. 
In addition, assessment of the ceil size distribution of the 
circulating CTCL cells will be useful in distinguishing 
patients with small-cell type whose course is relatively indo- 
lent from patients with the more aggressive mixed-cell type. 


ACKNOWLEDGMENT 


We thank Dr Daniel Ihde for very helpful discussion of the 
manuscript. 


REFERENCES 


1. Epstein EM Jr: Mycosis fungoides: Clinical course and cellular 
abnormalities. J Invest Dermatol 75:103, 1980 

2. Sézary A, Bouvrain Y: Erythroderme avec presence de cellules 
monstrueses dans le derme et le sang circulant. Bull Soc Fr Dermatol 
Syph 45:254, 1938 

3. Crossen PE, Mellor JEL. Finley AG, Ravich RBM, Vincent 
PC, Gunz FW: The Sézary syndrome: Cytogenetic studies and 


identification of the Sézary cell as an abnormal lymphocyte. Am J 
Med 50:24, 1971 

4. Brovet JC, Flandrin G, Seligmann M: Indications of the 
thymus-derived nature of the proliferating cells in six patients with 
Sézary’s syndrome. N Engl J Med 289:341, 1973 

5. Broome JD, Zucker-Franklin D, Weiner MC, Bianco C, 
Nussenzweig V: Leukemic cells with membrane properties of thy- 


CIRCULATING CUTANEOUS T CELL LYMPHOMA CELLS 


mus-derived (T) lymphocytes in a case of Sézary’s syndrome: 
Morphologic and immunologic studies. Clin Immunol Immuno- 
pathol 1:319, 1973 

6. Broder S, Edelson RL, Lutzner MA, Nelson DL, MacDermott 
RP, Durm ME, Goldman CK, Meade BD, Waldmann TA: The 
Sézary syndrome: A malignant proliferation of helper T cells. J Clin 
Invest 58:1297, 1976 

7. Berger CL, Warburton D, Raafat J, LoGerfo P, Edelson RL: 
Cutaneous T cell lymphoma: Neoplasms of T cells with helper 
activity. Blood 53:642, 1979 

8. Lutzner M, Edelson R, Schein P, Green I, Kirkpatrick C, 
Ahmed A: Cutaneous T cell lymphomas: The Sézary syndrome, 
mycosis fungoides, and related disorders. Ann Intern Med 830:534, 
1975 

9. Edelson RL, Kirkpatrick CM, Shevach EM: Preferential 
cutaneous infiltration by neoplastic thymus-derived lymphocytes: 
Morphologic and functional studies. Ann Intern Med 80:685, 1974 

10. Clendenning WE, Brecher G, Van Scott EJ: Mycosis fun- 
goides: Relationship to malignant cutaneous reticulosis and the 
Sézary syndrome. Arch Dermatol 89:785, 1964 

11. Lutzner MA, Emerit I, Durepaire R, Flandrin G, Grupper C, 
Prunieras M: Cytogenetic, cytophotometric, and ultrastructural 
study of large cerebriform cells of the Sézary syndrome and descrip- 
tion of a small cell variant. J Nat] Cancer Inst 50:1145, 1973 

12. Zucker-Franklin D: Thymus dependent lymphocytes in lym- 
phoproliferative diseases of the skin (Sézary syndrome and mycosis 
fungoides). J Invest Dermatol 67:41 2, 1976 

13. Whang-Peng J, Bunn PA, Knutsen T, Matthews MJ, 
Schechter GP, Minna JD: Clinical implications of cytogenetic 
studies in cutaneous T-cell lymphoma (CTCL). Cancer 50:1539, 
1982 

14. Willemze R, de Graaff-Reitsma CB, Cnossen J, van Vioten 
WA, Meijer CJLM: Characterization of T-cell subpopulations in 
skin and peripheral blood of patients with cutaneous T-cell lympho- 
mas and benign inflammatory dermatoses. J Invest Dermatol 80:60, 
1983 

15. Bunn P, Whang-Peng J, Carney DW, Schlam ML, Knutsen 
T, Gazdar A: DNA content analysis by flow cytometry and cytoge- 
netic analysis in mycosis fungoides and Sézary syndrome. Diagnostic 
and prognostic implications. J Clin Invest 65:1440, 1980 

16. Moran E, Walther J, Aronson I: Clinical significance of 
circulating Sézary cells in mycosis fungoides. Proc Am Soc Clin 
Oncol 18:276, 1977 

17. Vonderheid EC, Van Scott EJ, Wallner PE, Johnson WC: A 
10-year experience with topical mechlorethamine for mycosis fun- 
goides: Comparison with patients treated by total skin electron-beam 
radiation therapy. Cancer Treat Rep 63:681, 1979 

18. van der Loo EM, Meijer CJLM, Scheffer E, van Vioten WA: 
The prognostic value of membrane markers and morphometric 
characteristics of lymphoid cells in blood and lymph nodes from 
patients with mycosis fungoides. Cancer 48:738, 198] 

19. Vonderheid EC, Sobel EL, Nowell PC, Finan JB, Helfrich 
MK, Whipple DS: Diagnostic and prognostic significance of Sézary 
cells in peripheral blood smears from patients with cutaneous T-cell 
lymphoma. Blood 66:358, 1985 

20. Schechter GP, Bunn PA, Fischmann AB, Matthews MJ, 
Guccion J, Soehnien F, Munson D, Minna JD: Blood and lymph 
node T-lymphocytes in cutaneous T-cell lymphoma: Evaluation by 
light microscopy. Cancer Treat Rep 63:571, 1979 

21. Bunn PA, Huberman MS, Whang-Peng J, Matthews M, 
Gazdar AF, Schechter GP, Guccion JG, Fischmann AB, Dunnick 
R, Ihde DC, Cohen MH, Minna JD: Prospective staging evaluation 
of patients with cutaneous T-cell lymphoma: Demonstration of a 
high frequency of extracutaneous dissemination. Ann Intern Med 
93:223, 1980 


849 


22. Winkler CF, Sausville EA, Ihde D, Fischmann AB, 
Schechter GP, Kumar PP, Nibhanupdi JR, Minna JD, Makuch 
RW, Eddy JL, Bunn PA: Combined modality treatment af cuta- 
neous T-cell lymphoma: Results of a six-year followup. J Clin Oncol 
4:1094, 1986 

23. Kaye F, Ihde D, Fischmann A, Glatstein E, Minna J, 
Schechter G, Matthews M, Veach S, Eddy J, Wesley M, Bunn P, 
Sausville E: A randomized trial comparing conservative and aggres- 
sive therapy in mycosis fungoides. Proc Am Soc Clin Oncol 5:195, 
1986 

24. Bunn PA, Lamberg SI: Report of the committee on staging 
and classification of cutaneous T-cell lymphomas. Cancer Treat Rep 
63:725, 1979 

25. Sausville EA, Worsham GF, Matthews MJ, Makuch RW, 
Fischmann AB, Schechter GP, Gazdar AF, Bunn PA: Histologic 
assessment of lymph nodes in mycosis fungoides /Sézary syndrome 
(cutaneous T-cell lymphoma). Clinical correlations and prognostic 
import of a new classification system. Human Pathol 16:1098, 1985 

26. Kaplan M, Clark C: An improved rosetting assay for the 
detection of human T-lymphocytes. J Immunol Methods 5:131, 
1974 

27. Bentwich Z, Douglas SD, Siegel FP, Kunkel HG: Human 
lymphocyte-sheep erythrocyte rosette formation: Some characteris- 
tics of the interaction. Clin Immunol Immunopathol 1:511, 1973 

28. Guccion JG, Fischmann AB, Bunn PA, Schechter GP, Pat- 
terson RH, Matthews MJ: Ultrastructural appearance of cutaneous 
T-cell lymphomas in skin, lymph nodes and peripheral blood. Cancer 
Treat Rep 63:565, 1979 

29. Lehmann EL: Nonparametrics: Statistical Methods Based on 
Ranks. San Francisco, Holden-Day, 1975 

30. Kaplan EL, Meier P: Nonparametric estimation from incom- 
plete observations. J Am Stat Assoc $3:457, 1958 

31. Mantel N: Evaluation of survival data and two new rank 
order statistics arising in its consideration. Cancer Chemother Rep 
50:163, 1966 

32. Cox DR: Regression models and life tables (with discussion). 
J R Stat Soc B 34:187, 1972 

33. Myrie C, Zucker-Franklin D, Ramsey D: Light microscopic 
analysis of sectioned Sézary cells: An accurate alternative to electron 
microscopy. Am J Pathol 99:243, 1980 

34. Stolz W, Schmoeckel C, Burg G, Braun-Falco O: Circulating 
Sézary celis in the diagnosis of Sézary syndrome (quantitative and 
morphometric analysis). J Invest Dermatol 81:314, 1983 

35. Anderson T, DeVita VT, Simon RM, Berard CW, Canellos 
GP, Garvin AJ, Young RC: Malignant lymphoma H. Prognostic 
factors and response to treatment of 473 patients at the National 
Cancer Institute. Cancer 50:2708, 1982 

36. van der Loo EM, Cnossen J, Meijer CJLM: Morphologic 
aspects of T-cell subpopulations in human blood: Characterization 
of the cerebriform mononuclear cells in healthy individuals. Clin 
Exp Immunol 43:506, 1981 

37. Yeckley JA, Weston WL, Thorne EG: Production of Sézary-~ 
like cells from normal human lymphocytes. Arch Dermatol 111:29, 
1976 

38. Rosenthal CJ, Noguera CA, Coppola A, Kapelner SN: 
Pseudolymphoma with mycosis fungoides manifestations, hyper- 
responsiveness to diphenylhydantoin and lymphocyte dysregulation. 
Cancer 49:2305, 1982 

39. Bertness V, Kirsch I, Hollis G, Johnson B, Bunn PA Jr: T cell 
receptor gene rearrangements as clinical markers of human T-ceil 
lymphomas. N Engi J Med 313:534, 1985 

40. Weiss LM, Hu E, Wood GS, Moulds C, Cleary ML, Warnke 
R, Sklar J: Clonal rearrangements of T-cell receptor genes in 
mycosis fungoides and dermatopathic lymphadenopathy. N Engl J 
Med 313:539, 1985 


Abnormal Prothrombin in the Plasma of Rats Carrying Hepatic Tumors 


By D.V. Shah, J.A. Engelke, and J.W. Suttie 


Vitamin K is required for the posttranslational formation of 
‘Y-carboxyglutamy! residues in a number of plasma clotting 
factors. Interference with vitamin K action results in the 
appearance of abnormal (des-y-carboxy) forms of pro- 
thrombin in human plasma. Vitamin K-sufficient patients 
with primary hepatocellular carcinoma also secrete signifi- 
cant quantities of abnormal prothrombin; this response has 
now been studied in a rat model. Normal Buffalo strain rats 
had 9 ug/mL of circulating plasma abnormal prothrombin, 
whereas Buffalo strain rats carrying the transplantable 
Morris hepatoma tumor no. 7777 had 33 ug/ mL at 3 weeks 


ITAMIN K is required for the synthesis of clotting 
factors H (prothrombin), VII, FX, and X, and plasma 
proteins S, C, and Z.' The vitamin functions as a cofactor in 
the posttranslational carboxylation of specific glutamyl resi- 
dues in microsomal protein precursors to form y-carboxyglu- 
tamy! (Gla) residues in biologically active completed pro- 
teins.” In the absence of vitamin K or when its action is 
antagonized by coumarin anticoagulants, des-y-carboxy or 
“abnormal” forms of prothrombin are excreted into human?’ 
and bovine‘ plasma. These proteins differ from prothrombin 
in their failure to adsorb to insoluble barium salts, to bind 
calcium ions in solution, or to demonstrate the Ca’*- 
dependent phospholipid association needed for normal physi- 
ological activation.” The abnormal prothrombin will, how- 
ever, yield thrombin® when treated with a nonphysiological 
activator such as the protease from Echis carinatus venom.’ 
A survey" of the existence of abnormal! prothrombin in the 
plasma of anticoagulant-treated species other than the 
human or bovine reported substantial amounts in chick, 
small amounts in rat and mouse, and insignificant amounts 
in hamster, guinea pig, rabbit, and dog plasma. The basis for 
the wide species variation in the excretion of abnormal 
prothrombin has not been determined. Development of a 
more sensitive amidolytic assay for rat prothrombin’ has 
shown that plasma from vitamin K-deficient or warfarin- 
treated rats contains a non-BaSO, adsorbable (undercarbox- 
ylated) pool of prothrombin that is equivalent to between 5% 
and 10% of the normal plasma prothrombin concentration. 
Conformation-specific antibodies directed toward this class 
of human prothrombin have been developed'® and used to 
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after transplant. Vitamin K-dependent carboxylase activity 
was normai in the liver of these rats, but very low in the 
tumor tissue. Rats carrying Morris hepatoma tumors no. 
9618A and 5123D did not secrete significant amounts of 
abnormal prothrombin. Carboxylase activity in these 
tumors was 15 times that of the 7777 tumor. The data 
Suggest that the secretion of abnormal prothrombin by 
hepatocellular tumors is the result of normal expression of 
the prothrombin gene by those tumors and a failure of the 
tumor to express the carboxylase gene. 
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demonstrate that the concentration of abnormal prothrom- 
bin is very low in normal adults, increases substantially with 
oral anticoagulation or vitamin K deficiency, and is slightly 
increased in many patients with liver disease. |! 

More recently, it was reported’? that abnormal prothrom- 
bin was more drastically increased in patients with primary 
hepatocellular carcinoma than in other hepatic disorders and 
that this response was not due to vitamin K deficiency. The 
molecular basis for increased levels of abnormal prothrombin 
in diagnosed cases of hepatic carcinoma has not been estab- 
lished. The response has now been studied using the tumor- 
bearing rat as a model. 


MATERIALS AND METHODS 


Treatment of animals. Male rats of the Buffalo strain, weighing 
50 to 60 g, were maintained on Purina laboratory chow. Vitamin 
K-supplemented rats were administered | mg of phyloquinone 
(Konakion, Hoffman-La Roche, Nutley, NJ) intramuscularly (IM) 
each week for 3 consecutive weeks. Morris hepatoma tumors no. 
7777, 5123D, or 9618A were transplanted by disrupting ~1 g of 
tumor tissue in 5 mL of sterile Dulbecco’s modified Eagle's medium 
(DMEM) and giving a 0.5 mL injection in each hind leg of a 
recipient rat." 

Prothrombin and abnormal prothrombin assay. Rat blood for 
these amidolytic assays was collected by cardiac puncture in 0.15 
mol/L of potassium oxalate (10% vel/vol), centrifuged for 20 
minutes at 2,000 g at 4°C, and individual plasma samples were 
stored at —30°C, Vitamin K-dependent clotting factors were 
adsorbed from individual plasma samples by adding 35 mg/mL of 
citrate-washed BaSO, and stirring for 1 hour at 0 °C. Prothrombin 
and abnormal prothrombin concentrations were determined by assay 
of thrombin-catalyzed amidolysis of the chromogenic peptide sub- 
strate, H-D-Phe-Pip-Arg-pna ($2238 from Kabi Diagnostics, Stock- 
holm) as previously described? Plasma prothrombin (normal) was 
measured with the chromogenic substrate after activation with a calf 
serum factor mix’ and commercial thromboplastin (Thromboplastin, 
Sigma Diagnostics, St Louis), and total normal plus abnormal 
prothrombin was measured after activation with E carinatus venom. 
Abnormal prothrombin was measured by activation of the BaSO,- 
adsorbed plasma with E carinatus venom (Sigma). 

Vitamin K-dependent carboxylation. Buffalo strain rats carry- 
ing the transplantable Morris hepatoma tumors were used when they 
weighed 160 to 175 g. When administered, sodium warfarin (5 
mg/kg) was given by intraperitoneal (IP) injection 18 hours prior to 
killing. Holtzman strain rats were used as normal controls in 
carboxylase assay so that the enzyme activities from different rat 
strains could be standardized. Rats were killed, and a crude micro- 
somal preparation of both liver and tumor tissue was prepared as 
previously described,'* except that rats were not fasted. A Triton 
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X-100 (RPI, Elk Grove Village, IL) solubilized preparation of 
microsomes equivalent to 0.5 g of liver or 1.0 g of excised tumor mass 
per milliliter were obtained and incubated at 17 °C for 30 minutes to 
determine the vitamin K-dependent incorporation of H'“CO, into 
the substrate Boc-Glu-Glu-Leu-OMe (BaChem Fine Chemicals, 
Torrance, CA). 


RESULTS 


Absorption with BaSO, is capable of removing all but a 
small fraction of prothrombin in the plasma of vitamin 
K-sufficient rats.? When non-BaSO, adsorbable prothrom- 
bin (abnormal prothrombin) was measured in the plasma of 
Buffalo strain rats carrying three different Morris hepatoma 
tumors, a significant increase was seen in the rats carrying 
the most rapidly growing tumor (Table 1). Buffalo rats 
carrying the transplantable Morris hepatoma tumor no. 7777 
had an approximate fourfold increase in circulating abnor- 
mal prothrombin as compared with normal Buffalo rats. 
Partially carboxylated forms of prothrombin are present 
following anticoagulation,'”'* and these forms differ in their 
ability to adsorb to barium salts.’ BaSO, treatment removed 
97% of the thromboplastin-activatable prothrombin in nor- 
mal plasma but only 85% of this prothrombin species in the 
plasma of tumor-bearing Buffalo strain rats. These data 
suggest that a significant amount of partially carboxylated 
prothrombin is also secreted in tumor-bearing Buffalo strain 
rats. The concentration of plasma abnormal prothrombin 
was very much dependent on the period of time after tumor 
transfer. As shown in Fig 1, normal Buffalo strain rats had 8 
to 9 ug/mL of circulating plasma abnormal prothrombin, 
whereas Buffalo strain rats carrying the transplantable Mor- 
ris hepatoma tumor no. 7777 had 10 g/mL at 2 weeks and 
33 g/mL at 3 weeks after transplant. High concentrations 
of plasma abnormal prothrombin were noted only near the 
end of the transplant period and presumably reflected tumor 
mass. 

in an attempt to discover the cause of the abnormal 
prothrombin secretion in tumor-bearing rats, liver and tumor 
tissue vitamin K-dependent carboxylase activities were 
determined. Carboxylase activity was slightly higher in the 
livers of Buffalo strain rats carrying the transplantable 
Morris hepatoma tumor no. 7777 as compared with normal 
Buffalo strain rats (Fig 2), but the activity of this enzyme in 
tumor tissue was <5% of that in normal liver tissue. Liver 
vitamin K-dependent carboxylase activity is increased by a 
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Fig 1. Appearance of abnormal prothrombin after transplant 
of Morris hepatoma tumor no. 7777. Plasma samples from each rat 
were assayed after BaSO, adsorption as described in the Materials 
and Methods section. Values are mean + SEM for three to six rats 
per group. 


vitamin K deficiency,’ and carboxylase activity in both 
normal and tumor-bearing rats and in tumor tissue was 
depressed when the rats were supplemented with vitamin K 
(Fig 2). Vitamin K-supplemented Buffalo rats carrying the 
transplantable Morris hepatoma tumor no. 7777 had the 
same fourfold increase in circulating abnormal prothrombin 
as compared with K-supplemented norma! Buffalo rats (data 
not shown) as is shown in Table |}, indicating that the 
elevated levels of abnormal prothrombin in circulation were 
not due to vitamin K deficiency. 

The response of normal rats to vitamin K deficiency or 
warfarin administration is an increase in the activity of the 
liver microsomal vitamin K-dependent carboxylase’ and an 
increase in the concentration of microsomal prothrombin 
precursors.” The livers of rats carrying the no. 7777 tumor 
demonstrated the same responses, but warfarin administra- 
tion had no influence on vitamin K-dependent carboxylase 
activity or microsomal prothrombin precursor concentration 
of the tumor tissue (Figs 3 and 4), 

Rats carrying transplantable Morris hepatoma tumors no. 


Table 1. Plasma Normal and Abnormal Prothrombin Concentrations in Tumor-Carrying Buffalo Rats 











Plasma Prothrombin Concentrations {ug/ml} 





Voks Echis carinatus Activation Thrombopastin Aenaton a 

Between Ee Eee ETE 

Tumor No. Transfer Before BaSO, After BaSO,* Before BaSO,+t After 8aSO, 
No tumor (12) _ 103 +3 9+1 98 + 2 37 
7777 (9) 3-4 113 +2 34 + 4} 100 + 2 16+2 
5123D (12) 6-8 110 +3 12 +1 112 +3 11+ 1 
96 18A (9) 8-9 119 +3 41+ ł 110 + 4 Sr] 
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Plasma for analysis was obtained at the time of tumor transfer. The three different tumor strains have different growth rates, and wers transferred 
when the mass of the tumors was similar. Values are mean + SEM for the number of animals indicated in parentheses. 


*” Abnormal’ prothrombin. 
t Normal” prothrombin. 
tSignificantly higher (P < .01) than the other three treatments. 
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Fig 2. Vitamin K-dependent carboxylase activity in liver and 
tumor tissue of rats. Normal and tumor-bearing Buffalo strain rats 
were killed 3 weeks after transplant of Morris hepatoma tumor no. 
7777, The rats were fed a commercial laboratory chow diet and 
administered either 1 mg of phylloquinone or saline each week. 
Vitamin K-dependent carboxylase activity was determined as 
described in the Materials and Methods section. Data were 
obtained on different days, and the carboxylase activity of two 
vitamin K-sufficient Holtzman strain rats assayed each day was 
used as the 100% control activity. Values are mean + SEM for 6 to 
18 rats in each group. (A) Chow diet only; (B} vitamin K supple- 
ment, 


5123D and 9618A did not secrete significant amounts of 
abnormal prothrombin (Table 1). Vitamin K-dependent 
carboxylase activity and microsomal prothrombin precursor 
concentration in the livers of normal Buffalo strain rats and 
the livers of these rats carrying transplantable Morris hepa- 
toma tumors no. 5123D and 9618A were compared. Similar 
liver carboxylase activities and microsomal precursor con- 
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Fig3. Effect of warfarin administration on microsomai vramin 
K-dependent carboxylase activity in liver and tumor tissue. Normal 
rats and rats carrying a Morris hepatoma tumor no. 7777 for 3 
weeks were administered either warfarin (5 mg/kg. intraperitone- 
ally) or saline 18 hours before being killed. Vitamin K-dependent 
carboxylase activity was determined as described in the Materials 
and Methods section. Carboxylase activity of four normal Holtz- 
man strain rats was used as the 100% control activity. Values are 
mean + SEM for three to four rats in each group. 


SHAH. ENGELKE, AND SUTTIE 


Microsomal Precursor (ug/g tissue) 





Tumor-bearing — H 





Fig 4. Effect of warfarin administration on microsomal pro- 
thrombin precursor concentration in liver and tumor tissue. Micro- 
somal precursor concentration was determined as described in the 
Materials and Methods section. Other conditions were as 
described in the legend to Fig 3. 


centrations were found (Fig 5) in rats carrying these two 
tumors. Activity of the vitamin K-dependent carboxylase in 
the tumor tissue from these rats was, however, ~ 20% to 30% 
of that in the host rat liver (Fig 5). This activity was ~15 
times higher than the activity observed in the no. 7777 tumor 
tissue shown in Fig 2. The microsomal prothrombin precur- 
sor concentration in the liver of the rats carrying the three 
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Fig5. Vitamin K-dependent carboxylase activity and microso- 


mal prothrombin precursor concentrations in liver and tumor 
tissue of rats. Normal and tumor-bearing rats were killed 6 to B 
weeks or 8 to 9 weeks after transplantation of Morris hepatoma 
tumor no. 5123D or 9618A. Assays were as described in Figs 3 and 
4. Data are from a single experiment representative of three 
experiments. Values are mean + SEM for three to six rats in each 


group. 
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different Morris hepatoma tumors was, however, compara- 
ble (Figs 4 and 5), and liver vitamin K-dependent carboxyl- 
ase activity was somewhat higher in rats carrying the no. 
7777 tumor as compared with the 5123D or 9618A tumor 
(compare Figs 3 and 5). 


DISCUSSION 


Liebman and colleagues’? detected elevated abnormal 
prothrombin in the serum of patients with biopsy-confirmed 
hepatocellular carcinoma and established that this elevation 
does not reflect a vitamin K deficiency in these patients. The 
data of the present study demonstrate that the rat is a 
suitable model for studying this response. Adsorption of 
oxalated plasma with BaSO, will remove almost all normal 
prothrombin,’ and increases in venom-generated thrombin 
above the background represent secretion of abnormal pro- 
thrombin. The plasma of rats carrying one of three strains of 
Morris hepatoma tumors contained significant amounts of 
abnormal prothrombin. 

These data are consistent with the hypothesis that the 
tumors that increase circulating abnormal prothrombin are 
those that are capable of expressing the prothrombin gene 
but that have lost the ability to express significant levels of 
the vitamin K-dependent carboxylase enzyme. This view is 
supported by the low concentrations of this enzyme mea- 
sured in the no. 7777 tumor tissue as compared with much 
higher concentrations in the 5123D and 9618A lines, which 
secreted less abnormal prothrombin. It is also possible that 
the no. 7777 tumor line contains an inhibitor of the enzyme 
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or that turnover rate of the enzyme has been substantially 
increased. The failure of the no. 7777 tissue to increase 
carboxylase activity or microsomal prothrombin precursor 
concentrations following warfarin administration, however, 
also suggests a low level of expression of this gene. Norma! 
rat liver responds to warfarin administration with an increase 
in both precursor concentration and enzyme activity'*”° and 
is evidence'*”'” that association of the precursor with the 
enzyme is responsible for these changes. The delay in abnor- 
mal prothrombin appearance following transfer of the Mor- 
ris hepatoma tumors is consistent with the need for a 
significant tumor mass to develop before this product is seen 
in plasma. 

Vitamin K-dependent carboxylase activity was consis- 
tently elevated in the liver of rats carrying tumors. This may 
reflect the response of carboxylation activity to des~y- 
carboxy forms of vitamin K-dependent clotting factors or 
other unknown factors present in plasma of hypoprothrom- 
binemic animals.” Availability of rat hepatoma lines that 
do secrete large amounts of abnormal prothrombin in the 
absence of carboxylation provides a valuable tool with which 
to study this response. 
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Chromosome Abnormalities in AIDS-Associated Lymphadenopathy 


By M. Lita Alonso, Mark E. Richardson, Craig E. Metroka, Janet A. Mouradian, 
Prasad R.K. Koduru, Daniel A. Filippa, and R.S.K. Chagant! 


Cytogenetic studies were performed on direct and 24-hour 
culture preparations of eight lymph node biopsies from 
seven patients with acquired immunodeficiency syndrome 
(AIDS) or AIDS-related complex (ARC)-associated lymph- 
adenopathy in whom histological evidence of lymphoma 
was not detected. Three of these seven had chromosomal 
abnormalities, including chromosome instability in one and 
clonal chromosomal abnormalities in two; one of the latter 
was a t(8:14}(q24;q32). The remaining five showed normal 
karyotypes. Epstein-Barr virus (EBV) titers were elevated 
in all three patients that exhibited chromosome abnormali- 


HE ACQUIRED immunodeficiency syndrome (AIDS) 
comprises a group of clinical presentations that have 
recently emerged as an epidemic among subgroups of homo- 
sexual males, intravenous (IV) drug users, blood transfusion 
recipients, and others. Pneumocystis carinii, cytomegalovi- 
rus (CMV) and other opportunistic infections, autoimmune 
phenomena, generalized lymphadenopathy, lymphoma, and 
Kaposi’s sarcoma (KS) have characterized this disorder. A 
prodromal! phase consisting of fever, weight loss, and lymph- 
adenopathy frequently precedes opportunistic infections. 
Lymphopenia, cutaneous anergy, decreased in vitro respon- 
siveness to mitogens, decreased T helper cells, and inversion 
of the T helper/T suppressor ratio are common immunologi- 
cal abnormalities in AIDS.°* The human T cell lympho- 
tropic virus (HTLV-II) has recently been shown to play an 
etiologic role in AIDS.*” Currently, patients in high-risk 
groups for AIDS with generalized lymphadenopathy but 
lacking evidence of KS or opportunistic infection are classi- 
fied as having the AIDS-related complex (ARC). The types 
of neoplasms seen in this disorder are similar to those seen in 
posttransplantation immunosuppressed patients'*'* and 
include a Burkitt’s-like undifferentiated lymphoma with 
characteristic rearrangements involving chromosomes 8, 14, 
and 22 and a probable Epstein-Barr virus (EBV)-related 
etiology.'*'’ Although current evidence suggests that the 
lymphomas in immunosuppressed states arise among poly- 
clonal lymphoid proliferations by selective expansion of 
monoclonal cells characterized by specific chromosome rear- 
rangements, the cytogenetic nature of the prelymphomatous 
proliferations is essentially unknown. To address this ques- 
tion, we performed cytogenetic analysis of lymph node 
biopsies from seven patients with generalized lymphadenop- 
athy arising in a clinical spectrum of AIDS (two cases) or 
ARC (five cases). For comparison, we also studied a control 
group of five patients with reactive lymphadenopathy not 
associated with AIDS or ARC. Our results show that 
chromosome instability and clonal changes characterize only 
AIDS or ARC-associated proliferations. 


MATERIALS AND METHODS 


All patients had lymphadenopathy, which was generalized in the 
seven patients with AIDS or ARC (group I, Table !) and localized in 
five who did have AIDS or ARC (group ID). Lymph node histology 
and laboratory data of all patients studied are summarized in Table 
1. All seven group I patients had evidence of an immune dysfunction 
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ties, two of whom later developed malignant lymphoma. A 
control group of five patients with reactive lymphadenopa- 
thy not associated with AIDS failed to reveal chromosomal 
aberrations, but elevated EBV titers were present in two. 
These data are consistent with current views on the role of 
EBV and chromosome change in the development of lym- 
phoma in immunodeficient states and suggest that karyo- 
typically abnormal AIDS-related lymphadenopathy repre- 
sents a prelymphomatous proliferation. 

® 1987 by Grune & Stratton, Inc. 


based on markedly depressed lymphoproliferative responses to a 
variety of mitogens and antigens. All group | cases were in high-risk 
groups for AIDS. Those classified as having AIDS had KS or an 
opportunistic infection, and those classified as having ARC did not. 
Chromosome preparations were made from single-cell suspensions of 
freshly obtained lymph node biopsies. The cells were incubated | to 3 
hours in colcemid (final concentration of O.I ug/mL) or were 
cultured for 24 hours in RMPI 1640 medium supplemented with 
20% fetal bovine serum (FBS) and the antibiotic penicillin-strepto- 
mycin. Colcemid was added to the cultures during the final hour. 
Cell harvest and chromosome preparation were made following 
conventional methods using 0.075 mol/L of potassium chloride as 
the hyposmotic solution and methanol /acetic acid 3:1 as the fixative. 
Karyotyping was performed from trypsin-Giemsa or quinacrine- 
banded preparations. All histologic specimens were reviewed, and 
lymphomas were classified using the Working Formulation.” 


RESULTS 


Of the 13 nodes studied, three showed chromosomal! 
abnormalities [patients | (first biopsy), 3. and 6-group l, 
Table |]. Biopsies from patients | and 3 exhibited mixtures 
of normal and clonally abnormal cells. In biopsy 1 of patient 
1, of the 30 cells analyzed, 27 were normal (46, XY or 
hypodiploid due to random loss of chromosomes) and three 
had rearranged chromosomes. The chromosomal comple- 
ments of the latter were the following respectively: (a) 
46,X Y,t(8:14)(q24:q32), (b) 46,X,-¥,t(8514)(g24:932), 
+marl, and (c) 43,X,-Y,-8,-14,-16,-19,+8q-.4+ marl. The 
marl chromosome was comprised of the entire long arm of 
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Table 1. Clinical Features and Results of Laboratory and Cytogenetic Evaluation of Patients Having Lymphadenopathy, 
Either in Association With (Group I} or Lacking (Group 1) AIDS or ARC 


ese 


Patient Age/Sex Biopsy Site 





Group |, lymphadenopathy associated with AIDS or ARC 








CMV EBV sena O oo 
Histology Titers Titers No. of Cells/Karyotype 


1 (AIDS) 38/M Left epitrochlear lymph Marked follicular hyperpla- 1:64 1:2560 24: 46 XY 
node sia with pericapsular 3: 46,XY* 
small foci of KS 1: 46,XY,118: 14)(q24; 
q32),-+ mar 1 
1: 46,X, — Y, i8, 14q24; 
q32), + mar 1 
1: 43,X, —7,—8, — 14, 
— 16, — 19, + 8q, 
+mar i 
Right cervical lymph node Marked follicular hyperpla- 64: 46 XY 
sia with small foci of 
KS 
2 {ARC) 26/M Left cervical lymph node Marked follicular hyperpla- ND 1:160 14: 46,KY 
sia 2: 45,XY* 
t: 44, XY* 
3 {ARC} 33/M Right cervical lymph node Marked follicular hyperpla- ND 1:320 14: 46,XY 
sia 3: 44 XY¥* 
3:47, XY, +mar1 
4 (ARC) 26/M Right cervical lymph node Marked follicular hyperpla- ND 7:128C 16: 46,XY 
sia 2: 45,xY* 
5 {ARC} 30/M Right cervical lymph node Marked follicular hyperpla- 1:64 ND 20: 46,XY 
sia 
6 (ARC) 32/M Left axillary lymph node Marked follicular hyperpia- 1:128 1:5120 3: 46, XY 
Sia 1: 45,XY* 
3: 44,.X¥* 
1: Chromosome breakage 
7 (AIDS) 31/M Right cervical lymph node Marked follicular hyperpla- 1:256 1:10,246 25: 46,X¥ 
sia 
Group li, lymphadenopathy not associated with AIDS 
8 17/M Right cervical lymph node Follicular hyperplasia with ND ND 25: 46,X%¥ 
few clusters of epithel- 
oid cells 
9 62/F Left axillary lymph node Follicular hyperplasia ND ND 25: 46,XX 
10 58/M Right cervical lymph node Follicular hyperplasia witt ND 1:1280 25: 46,XY 
few clusters of epithel- 
oid cells 
11 33/F Left cervical lymph node Follicular hyperplasia ND ND 25: 46,.XY 
12 31/F Left submandibular lymph Follicular hyperplasia ND 1:1280 25: 46,XX 


node 





ARC, AiDS-related complex; CMV, cytomegalovirus; EBV, Epstein-Barr virus; KS, Kapcsi’s sarcoma: NO, not cone. 


TAARA AAAA taatiraa A MAOH 


*Hypodiploid chromosome numbers represent random chromosome loss due to cell rupture during preparation. 


chromosome |. Thus, the presence of the 8q- and marl 
chromosomes in the third cell indicates that it also belongs to 
the same abnormal clone as the other two cells. The absence 
of the 14q+ chromosome in it probably represents random 
loss of this chromosome, only a single copy of chromosome 14 
being present in this cell. In the biopsy from patient 3 (Table 
1), of 20 cells analyzed, 18 were normal (46,XY or hypodi- 
ploid due to random loss of chromosomes) and two had a 
small acrocentric marker chromosome in addition to an 
otherwise normal chromosome complement. The two cells 
with the marker chromosome thus identify a clonal prolifera- 
tion with the karyotype 47,XY,+marl. The derivation of 
marl in these cells could not be determined due to its 
nonspecific banding pattern. Among the cells analyzed from 
the biopsy of patient 6, nonspecific chromosome and chroma- 


tid breakage was seen in 3 of 16 (19%) (Table 1). The 
remaining ten nodes including five each from groups I and H 
revealed only normal chromosomal complements (46,XY or 
hypodiploid due to random less of chromosomes). 

EBV tters, shown in Table |, were elevated in two group 
Il patients with negative monospot tests. No chromosome 
abnorma ities were present in biopsies from these patients. 
EBV titers were elevated in six of the seven group I patients. 
The patient with the highest EBV titer (patient 7, group I, 
Table 1) lacked cytogenetic aberrations. A subsequent non- 
Hodgkin's lymphoma developed in patients 1, 4, and 6. The 
lymphoma in patient | was classified as immunoblastic B cell 
type, anc in patient 4 was classified as diffuse large cell type. 
Histologic slides showing lymphoma in case 6 were unavail- 
able for review for classification. 





CHROMOSOME BREAKAGE IN AIDS LYMPHACENOPATHY 


DISCUSSION 


The pattern of lymphoma developmeni in AIDS is strik- 
ingly similar to that in two other immunodeficiency states, 
namely, posttransplantation immunodepression and X- 
linked lymphoproliferative syndrome.'? Lymphomagenesis in 
both disorders is increasingly recognized to be linked to EBV 
infection.’? In these cases, a polyclonal proliferation of B 
cells, probably initiated by viral infection, is suggested to 
lead to monoclonal expansion of malignant cells character- 
ized by specific chromosome rearrangements that bring 
about juxtaposition of the c-myc oncogene and the immuno- 
globulin loci, resulting in c-myc deregulation.” Such a 
model implies that the proliferating polyclonal cells which 
may be preneoplastic are genetically unstable and exhibit 
chromosome rearrangements that include the abovemen- 
tioned lymphoma-specific ones.” Cytogenetic data pertain- 
ing to this proliferation have not been avaiable until now. 

In our study, three of eight reactive lymph nodes asso- 
ciated with AIDS or ARC (group I) revealed chromosome 
abnormalities. All three patients, two of whom later devel- 
oped lymphoma also had high EBV titers. Another group I 
patient with high EBV titers eventually developed a non- 
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Hodgkin’s lymphoma, and two group H patients with high 
titers remain alive and well 12 to 19 months following 
diagnosis. We did not detect a chromosome abnormality in 
the lymph node biopsies from these latter three patients, 
suggesting that EBV infection may precede the appearance 
of cytogenetic abnormalities. Unfortunately, tissues from 
lymphomas were not available to us for cytogenetic analysis. 
In contrast, five reactive lymphadenopathies unassociated 
with AIDS or ARC (group IH) failed to reveal chromosome 
aberrations despite elevated EBV titers in two. 

The cytogenetic evidence presented here strongly suggest 
that the lymphadenopathies of AIDS or ARC patients 
represent prelymphomatous proliferations, which is in 
accord with histopathological evidence for the development 
of non-Hodgkin's lymphoma correlated with AIDS lymph- 
adenopathy presented by other investigators. t77 EBV 
infection may be related to the chromosome breakage, which 
precedes lymphoma development. Further cytogenetic and 
molecular studies of AIDS-related lymphadenopathy should 
clarify the significance of this proliferation to lymphoma 
development. 
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Sodium Fluoride Mimics Effects of Both Agonists and Antagonists 
on Intact Human Platelets by Simultaneous Modulation 
of Phospholipase C and Adenylate Cyclase Activity 


By Joachim Kienast, Jef Arnout, Gyorgy Pfliegler, Hans Deckmyn, Bernard Hoet, and Jos Vermyien 


Using intact human platelets, we studied the effect of 
sodium fluoride (NaF) on platelet aggregation and release 
reaction and correlated the functional changes to intracel- 
lular events specific for either agonist-induced or antago- 
nist-induced platelet responses. At lower concentrations, 
with a peak activity between 30 and 40 mmoi/L, NaF 
induced aggregation and release of adenosine 5-triphos- 
phate (ATP) that was associated with increased formation 
of inositol phosphates, a rise in cytosolic free Ca’~, and 
phosphorylation of 20-kd and 40-kd proteins. At NaF 
concentrations >40 mmol/L, aggregation and ATP release 
decreased dose-dependently in parallel with a decrease in 
Ca?’ mobilization, whereas neither inositol phosphate for- 
mation nor 40-kd protein phosphorylation was reduced. At 
these concentrations, NaF caused a dose-dependent tran- 
sient rise in platelet cyclic adenosine 3’,5'-monophosphate 
(CAMP) levels that was sufficient to account for the 


LATELETS REACT to a variety of biologically active 
substances (agonists) with partial or full activation 
characterized by shape change, release of granule contents, 
and aggregation. Conversely, other agents (antagonists) such 
as prostacyclin (PGI,) or prostaglandin E, induce a state of 
reduced responsiveness to agonists. ™? The nature of a platelet 
response initiated by receptor occupancy depends on the 
selective coupling of a particular receptor to at least two 
major messenger-generating systems. One involves phos- 
pholipase C-catalyzed hydrolysis of membrane inositol phos- 
pholipids, Ca** mobilization, activation of protein kinase C, 
and arachidonic acid liberation, whereas the other is related 
to the formation of cyclic adenosine 3’,5’ monophosphate 
(cAMP) catalyzed by adenylate cyclase.“ Adenylate 
cyclase activity is subject to regulation by two distinct 
guanine nucleotide-binding proteins (also referred to as G or 
N proteins) that couple the enzyme to specific membrane 
receptors and allow receptor expression as either N,- 
mediated stimulation of N,-mediated inhibition of its cata- 
lytic subunit.“ In addition, more recent evidence gave rise to 
the hypothesis that a guanine nucleotide-binding protein 
might also constitute the link that couples stimulatory plate- 
let receptors to phospholipase C activation and/or Ca** 
mobilization.* '° 
Fluoride activates N proteins by promoting the dissocta- 
tion of their subunits.°!'"" In isolated platelet membranes, 
sodium fluoride (NaF) both stimulates and inhibits adeny- 
late cyclase through activation of N, and N; respectively. >" 
Conflicting results have been reported regarding the 
influence of NaF on intact platelets. Enhanced cAMP for- 
mation has been described'* as have NaF-induced mobiliza- 
tion of cytosolic free Ca’*, platelet aggregation, and sero- 
tonin release." These findings led us to investigate the 
effects of NaF on platelet function further, with particular 
attention to intracellular regulatory processes. In this article 
we demonstrate that NaF has a concentration-dependent, 
biphasic effect on platelet activation as a result of simulta- 
neous modulation of phospholipase C and adenylate cyclase 
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observed reduction in Ca** mobilization, aggregation, and 
ATP release. Stimulated cAMP levels started declining 
rapidly within 30 seconds of addition of NaF, however. 
Similarly, prostacyclin (PGI,)-induced cAMP accumulation 
was temporarily enhanced but subsequently suppressed by 
NaF, suggesting either stimulation of a cAMP phosphodies- 
terase or delayed inhibition of adenylate cyclase. Evidence 
for the latter was provided by the finding that NaF 
pretreatment of platelets resulted in partial inhibition of 
PGi,-stimulated cAMP formation in the presence of the 
cAMP phosphodiesterase inhibitor 3-isobuty!-1-methyl- 
xanthine (MIX). We conclude that NaF exerts a dual 
(stimulatory and inhibitory) effect on adenylate cyclase in 
intact platelets that is accompanied by simultaneous acti- 
vation of a phosphoinositide-specific phospholipase C; in 
addition, a cAMP phosphodiesterase may be activated. 

e 1987 by Grune & Stratton, inc. 


activity. We suggest that NaF-sensitive N proteins are not 
only involved in the regulation of adenylate cyclase but may 
also play a role in phospholipase C activation. 


MATERIALS AND METHODS 


Reagents. {2,8-*H]Adenine (17.7 Ci/mmol) and [8-"°C}] cAMP 
phosphate (45.1 mCi/mmol) were obtained from New England 
Nuclear (Boston). Carrier-free [**P]orthophosphate (40 mCi/mL in 
aqueous solution), myo-[2°H]inositol (13.8 Ci/mmol), and quin 2 
acetoxymethyl tetraester (Quin 2/AM) came from Amersham 
International (Amersham, England). Insta-Gel H was from Packard 
Instrument B.V. Chemical Operations (Groningen, The Nether- 
lands). AG 50W-X4 cation exchange resin (200 to 400 mesh} was 
obtained from Bio-Rad Laboratories (Richmond, CA), and Dowex 
ix8 anion exchange resin (200 to 400 mesh) was obtained from 
Fluka (Buchs, Switzerland). Sepharose 2B was from Pharmacia 
Fine Chemicals (Uppsala, Sweden}. Apyrase, arachidonic acid and 
adenosine 5’-diphosphate came from Sigma Chemical (St Louis) 
and 3-isobutyl-i-methyl-xanthine (MIX) from Janssen Chimica 
(Beerse, Belgium). Platelet-activating factor (1-O-hexadecyl-2-ace- 
tyl-sn-glyceryl-3-phosphoryicholine) was from Boehringer (Mann- 
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heim, FRG), A23187 from Calbiochem-Behring Corp (San Diego), 
bovine thrombin from Roche (Brussels, Belgium), and collagen from 
Hormon-Chemie (Munich, FRG). PGI, was obtained from Upjohn 
(Kalamazoo, MI). Luciferin/luciferase reagent came from Chrono- 
Log Corp (Havertown, PA) and NaF from Baker Chemical (Phil- 
lipsburg, NJ). Bovine serum albumin (BSA) was from Organon 
Teknika (Boxtel, the Netherlands). CV-3988 (rac-3-(N-n-octade- 
cyl-carbamoyloxy)-2-methoxypropyl 2-thiazoliocethyl phosphate) 
was kindly provided by Takeda Chemical Industries (Osaka, Japan). 
All other chemicals were of analytical grade obtained from various 
sources. 

Preparation of platelet-rich plasma. Blood was obtained by 
clean venipuncture of healthy volunteers who denied having taken 
any drugs during the previous 2 weeks. Anticoagulants used were 
either 0.1 vol of 106 mmol/L of trisodium citrate, 0.03 vol of 0.3 
mol/L of EDTA, or 0.14 vol of ACD buffer (85 mmol/L of 
trisodium citrate, 71 mmol/L of citric acid, 111 mmol/L of dextrose, 
pH 4.5) as specified below. Platelet-rich plasma (PRP) was prepared 
by centrifugation at 150 g for 10 minutes at 20 °C. 

Stimulation of platelets by NaF. For stimulation of platelets by 
NaF, 0.1 vol of prepared reaction mixtures containing NaF in 
distilled water in the appropriate amount to yield final concentra- 
tions of NaF between 10 and 100 mmol/L as indicated was added to 
0.9 vol of platelet suspensions. To preclude any influence by Na* or 
by changes in osmolarity, the reaction mixtures were made up with 
NaCl to give I-mol/L solutions; 0.1 vol of 1 mol/L of NaCl in 
distilled water was added to controls. These principles were retained 
throughout all experimental procedures. 

Platelet aggregation and ATP release. Aliquots of 0.45 mL of 
citrated PRP together with 0.05 mL of reconstituted luciferin/ 
luciferase reagent (40 mg in 1 mL of sterile water) were placed into 
agpgregometer cuvettes and preincubated while being stirred for | 
minute at 37 °C in a Lumi-Aggregometer Model 400 (Chrono-Log, 
Havertown, PA). Then 0.055 mL of NaF /NaCl-containing reaction 
mixtures was added. Aggregation and adenosine triphosphate 
(ATP) release were monitored over 10 minutes by parallel recording 
of light transmission and luminescence displayed on a dual-channel 
chart recorder. The luminescence signal was calibrated by addition 
of a known amount of ATP at the end of each experiment. Part of the 
aggregation studies was performed in an Elvi 840 dual-channel 
aggregometer (Elvi Logos, Milan). Threshold aggregating concen- 
trations were defined as minimal concentrations of inducers that 
caused irreversible platelet aggregation within 2 minutes of addition 
to stirred PRP. Inhibitors (apyrase, acetylsalicylic acid, CV-3988) 
were added 3 minutes prior to platelet stimulation. 

Measurement of [’H]inositol phosphates. NaF-induced 
changes in inositol phosphate formation were measured as described, 
with minor modifications.'*'? PRP obtained from 100 mL of freshly 
drawn blood anticoagulated with EDTA was centrifuged at 800 g for 
10 minutes at 20 °C. The platelet pellet was resuspended in 3 mL of 
a modified Tyrode’s solution- HEPES buffer (134 mmol/L of NaCl, 
12 mmol/L of NaHCO,, 2.9 mmol/L of KCl, 0.34 mmol/L of 
Na HPO, 5 mmol/L of HEPES, 5 mmol/L of glucose, and | 
mmol/L of EGTA pH 6.8). For labeling, the platelet suspension was 
incubated with myo-[2-’H]inositol (66 wCi/mL) for 3 hours at 
37 °C. Platelets were then washed in 30 mL of buffer without EGTA 
and finally resuspended in modified Tyrode’s solution- HEPES 
buffer (pH 7.4 at 37°C) containing 1 mmol/L of CaCl, and 1 
mmol/L of MgCl, instead of EGTA. LiCl 10 mmol/L was added to 
inhibit the degradation of inositol !-phosphate to free inositol.” The 
final platelet concentration was adjusted to 8 x 10°/mL. Samples of 
0.5 mL were transferred into aggregometer cuvettes and preincu- 
bated while being stirred at 37 °C for 1 minute. Then 0.055 mL of 
NaF/NaCl-containing reaction mixtures was added, and the incu- 
bation was continued for varying times as indicated. The reaction 
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was stopped by transferring the samples into 1.88 mL of chloroform/ 
methanoi/ HCI (100;200:2, vol/vol). For phase separation of the 
extract, 0.62 mL of chloroform and 0.62 mL of water were added. 
After tharough mixing, the samples were centrifuged at 800 g for 10 
minutes. Then 1.5 mL of the upper phase containing the water- 
soluble inositol phosphates was diluted in 2.5 mL of water and 
applied to Dowex | anion-exchange columns (formate form). The 
inositol phosphates were separated by sequential elution as 
described."*'? Radioactivity in portions of each fraction was deter- 
mined by scintillation counting in the gel phase using Insta-Gel I] as 
scintillation fluid. Results were corrected for all loss factors. 

Measurement of protein phosphorylation. Protein phosphoryla- 
tion in response to stimulation cf platelets by NaF was measured as 
“P incorporation into proteins after labeling of the platelet meta- 
bolic phosphate pool with carrier-free PPO,” ACD-anticoagu- 
lated PRP was applied to Sepharose 2B columns, and platelets were 
eluted with Ca’*-free and PO,’ -free Tyrode’s solution (136 mmol/ 
L of NaCl, 2.7 mmol/L of KCI, 12 mmol/L of NaHCO,, 2 mmol/L 
of MgCl, 5.5 mmol/L of glucose pH 6.8) containing BSA (3.5 
mg/mL.) and apyrase (60 ug/mL). For labeling, gel-filtered plate- 
lets (3 x 10*/mL) were incubated with “PO, (0.8 mCi/mL) for |! 
hour at 37°C. Thereafter, platelets were again gel-filtered using 
Ca’**-restored and PO, -restored Tyrode’s solution without albu- 
min and apyrase for elution. The platelet count was adjusted to ~2 x 
10°/mL. Samples of 0.9 mL of the Anal platelet suspension were 
incubated while being stirred with 0.1 mL of NaF/NaCl-containing 
reaction mixtures at 37 °C for varying times. The incubation was 
terminated by additoin of 0.1 mL of 3 mol/L of HCIO,. The 
precipitated proteins were isolated by centrifugation at 10,000 g for 
5 minutes and separated by sodium dodecy! sulfate-polyacrylamide 
gel electrophoresis (SDS-PAGE) using the Laemmli buffer sys- 
tem.” Gels were stained with Coomassie brilliant blue, and the 
specific areas corresponding to the 40-kd and 20-kd proteins were 
excised and counted for Cerenkov radiation in a liquid scintillation 
counter. 

Measurement of cytosolic free Ca** concentrations. Platelets 
were isolated from citrated PRP by gel filtration on Sepharose 2B 
using an elution buffer containing 10 mmol/L of HEPES, 145 
mmol/L cf NaCl, 5 mmol/L of KCI, 0.5 mmol/L of NaH,PO,, and 
6 mmol/L of glucose pH 7.4. For loading with Quin 2, gel-filtered 
platelets (~1.5 x 10°/mL) were incubated with 10 wmol/L of Quin 
2/AM for | hour at 37 °C. To remove extraneous dye, platelets were 
again gel-filtered with the same elution buffer, which contained no 
added Ca** or Mg’* in order to prevent disturbance of the fluores- 
cence measurements due to formation of insoluble CaF, or MgF,. 
The final platelet count was adjusted to ~1 x 10°/mL. NaF-induced 
changes im cytosolic free Ca** concentrations ({Ca’*].) were mea- 
sured as changes in Quin 2 fluorescence intensity after addition of 
0.1 vol of NaF/NaCl-containing reaction mixtures in a fluorescence 
spectrophetometer (Locarte, England). Measurements were made 
at 37 °C with an excitation wavelength of 339 nm and an emission 
wavelength of 492 nm. Under these conditions, no autofluorescence 
of NaF was observed. The fluorescence signal was calibrated in 
separate samples in the absence of NaF essentially as described.’** 
Changes in [Ca**], were expressed in percentage of basal [Ca**], 
that was measured in resting platelets prior to addition of NaF. 

Measurement of PH]cAMP. For labeling, PRP anticoagulated 
with EDTA was incubated with (*H]adenine (15 uCi/mL) for 30 
minutes at 20 °C. Labeling was terminated by centrifugation at 800 
g for 10 m nutes at 20 °C and resuspension of the platelet pellet in an 
equal amount of citrated autologous plasma. Aliquots of 0.45 mL of 
the final platelet suspension were incubated with 0.05 mL of 
NaF /NaCl-containing reaction mixtures at 37 °C for varying times. 
In some experiments, 10 mmol/L of MIX or 0.05 wmol/L of PGI, 
was added to the platelet suspension prior to or following the 
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stimulation by NaF as indicated. The incubation was stopped by 
addition of 0.05 mL of 3 mol/L of trichloroacetic acid containing 
['“C]cAMP (0.2 wCi/mL) for assessment of recovery. After thor- 
ough mixing, the precipitated proteins were removed by centrifuga- 
tion at 10,000 g for 5 minutes, and total `H- and '*C-radioactivity in 
the supernatant was determined by liquid scintillation counting. 
cAMP was isolated from the trichloroacetic acid extract by ion- 
exchange chromatography on Dowex AG 50W-X4 followed by 
ZnSO,/Ba(OH), precipitation of adenine nucleotides other than 
cAMP as described.” The precipitate was spun down by centrifu- 
gation at 10,000 g for 5 minutes and °H- and '*C-radioactivity in the 
final supernatant was measured. Results were corrected for spillover 
and loss factors and expressed as percentage of basal [*H]adenine 
incorporation into cAMP that was measured under control condi- 
tions (addition of 0.1 vol of 1 mol/L of NaCl). Basal [’H]adenine 
incorporation into cAMP ranged between 0.06% and 0.12%. 

Measurement of total lactate dehydrogenase {LDH}. Total 
LDH activity was measured spectrophotometrically as described.” 
LDH activity was determined in citrated platelet-poor plasma (PPP) 
either after addition of 0.1 vol of 1 mol/L of NaCl or NaF to PPP or 
after incubation of PRP with 0.1 vol of 1 mol/L of NaCl or NaF for 
10 minutes at 37 °C and subsequent removal of platelets by centrifu- 
gation at 10,000 g for 5 minutes. For estimation of the maximal 
increase in LDH activity caused by lysis of the platelets, digitonin 
(50 umol/L) was added to separate samples of PRP immediately 
after addition of NaCl or NaF. These samples were further 
processed as detailed previously. 


RESULTS 

Effect of NaF on platelet aggregation and ATP 
release. NaF caused irreversible aggregation of platelets 
and secretion of platelet granule contents as measured by 
ATP release in a strictly dose-related manner (Fig 1). The 
peak aggregation response was observed at NaF concentra- 
tions of ~30 mmol/L. At higher concentrations, the onset of 
aggregation was more rapid; maximal increase in light 
transmission was reduced, however, and aggregation was 
almost entirely inhibited at NaF concentrations >70 mmol/ 
L. Moreover, at these concentrations, platelets became 
refractory to subsequent stimulation by thrombin, collagen, 
adenosine 5’-diphosphate (ADP), arachidonic acid, platelet- 
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activating factor (PAF), and calcium ionophore A23187 
added in threshold concentrations | minute after addition of 
NaF (data not shown). Threshold concentrations of these 
agonists were determined in NaCl-treated contro! samples. 
Shape change, reflected by the initial decrease in light 
transmission, occurred at all concentrations tested. As illus- 
trated in Fig 1B, platelet shape change was delayed and 
prolonged at low concentrations of NaF whereas it occurred 
almost instantaneously at high concentrations. Platelet 
aggregation induced by 30 mmol/L of NaF was not inhibited 
by apyrase, acetylsalicylic acid, or the PAF antagonist 
CV-3988," in concentrations sufficient to inhibit aggrega- 
tion by threshold concentrations of ADP, arachidonic acid, 
and PAF, respectively. In addition, the aggregation response 
to 30 mmol/L of NaF was not blocked by preincubation of 
PRP with a combination of high concentrations of apyrase (5 
mg/mL), acetylsalicylic acid (0.2 mmol/L), and CV-3988 
(20 nmol/L) for 3 minutes (data not shown), indicating that 
the NaF-induced aggregation was independent of ADP 
release, arachidonic acid metabolism, or endogenously syn- 
thesized PAF. The concentration—response curve of NaF- 
induced ATP release essentially paralleled that of the aggre- 
gation response, with the exception that its peak was shifted 
to 40 mmol/L of NaF and that, at high concentrations of 
NaF that almost completely inhibited aggregation, there was 
still a marked release of ATP. ATP release occurred more 
rapidly with increasing concentrations of NaF. 

Time-related and concentration-related effects of NaF on 
inositol phosphate formation. NaF-induced phosphodies- 
teratic cleavage of platelet membrane phosphoinositides was 
monitored by measuring the formation of radioactive inositol 
phosphates in [*H]inositol-labeled platelets. As demon- 
strated in time-progress experiments (Fig 2), NaF at low (30 
mmol/L) and high (80 mmol/L) concentrations caused a 
rise in inositol |-phosphate (IP1) and inositol 1,4-biphos- 
phate (IP2) levels. The increase in IP2 was detectable after 
30 seconds at both concentrations tested and preceded the 
rise in IPI. The formation of both IPI and [P2 appeared to be 
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Effect of NaF on platelet aggregation and ATP release. Citrated platelet-rich plasma (PRP) was exposed to increasing 


concentrations of NaF in the presence of luciferin /luciferase reagent in a Lumi-Aggregometer as described in the Materiais and Methods 
section. Panel A shows the maximal increase in light transmission (@} reflecting platelet aggregation and the maxima! plasma 
concentrations of adenosine triphosphate (ATP) {0} released from platelets measured during an observation period of 10 minutes. The 
difference in light transmission between PRP and PPP was set equal to 100%. Points represent means + SE of four experiments. Panel 8 
shows representative tracings of platelet aggregation induced by different concentrations of NaF. 
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Fig 2. Time course of NaF-induced changes in inositol phos- 
phate formation. [H]inositol-labeled platelets were incubated 
with either 30 mmol/L of NaF + 70 mmol/L of NaC! (Cc) or 80 
mmol/L of NaF + 20 mmol/L of NaCi (@) for varying periods of 
time. For determination of zero time values (W), 100 mmol/L of 
NaCi was added to the samples and the reaction was stopped 
immediately. Formation of radioactive inositol phosphates was 
measured as detailed in the Materials and Methods section. Points 
represent means + SE of five experiments. IP1, inositol 1- 
phosphate; IP2, inositol 1,4-bisphosphate; IP3, inositol 1,4,5- 
triphosphate. 


delayed at lower concentrations of NaF. This observation 
was confirmed by the findings of dose-response experiments 
in which the concentration-dependent differences in inositol 
phosphate formation were compensated by prolongation of 
the incubation time from 5 to 10 minutes (Fig 3). A small 
increase in inositol 1,4,5-trisphosphate (IP3) was measured 
within 30 seconds of addition of 80 mmol/L of NaF. No 
clear-cut changes in IP3 formation were detected when 
platelets were stimulated with lower concentrations of NaF, 
however, NaCl in a final concentration of 100 mmol/L did 
not affect inositol phosphate formation (data not shown). 
Effect of NaF on protein phosphorylation. Preliminary 
time-course experiments (data not shown) revealed that the 
40-kd protein was maximally phosphorylated within about 4 
minutes of addition of 100 mmol/L of NaF. In dose- 
response experiments (Fig 4), ’PO,-labeled platelets were 
therefore incubated with increasing concentrations of NaF 
for either 1, 4, or 10 minutes. A minor rise in **P content of 
the 40-kD protein after incubation for 1 minute was observed 
only at NaF concentrations of =40 mmol/L. At these 
concentrations, 40-kd protein phosphorylation was maximal 
after 4 minutes, yielding ~350% to 500% of control values, 
and a marked dephosphorylation was measured on further 
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Fig 3. Concentration-related and time-related effects of NaF 


on inositol phosphate formation. [*H]inositol-labeled platelets 
were incubated with differant concentrations of NaF as indicated 
for either 5 {A} or 10 minutes {B}; 100 mmol/L of NaCi was added 
to controls (0 mmol/L of NaF}. IP1 (@}, IP2 (©), and iP3, (W) were 
determined as described in the Materials and Methods section, A 
representative experiment is shown. Abbreviations as in legend to 
Fig 2. 


prolongation of the incubation time to 10 minutes. In con- 
trast, at low concentrations of NaF, ”P incorporation into 
the 40-k¢ protein continued to rise when the incubation time 
was extended from 4 to 10 minutes, reaching a maximum of 
~450% of control values. These data indicate that the rate 
rather than the maximal degree of 40-kd protein phosphor- 
ylation was concentration-dependent. Only minor changes in 
“P incorporation into the 20-kd protein were observed (data 
not shown), which was in accordance with the relatively 
small rises in [Ca’*], induced by NaF (see below); 20-kd 
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Fig 4. Concentration-related and time-related effects of NaF 
on 40-kd protein phosphorylation. “PO,-labeled platelets were 
incubated while being stirred with various concentrations of NaF 
for either 1 minute (@), 4 minutes (0), or 10 minutes {à}. isolated 
platelet proteins were separated by electrophoresis on 12% 
sodium dodecy! sulphate-polyacrylamide geis, and radioactivity in 
specific areas of the gels corresponding to the 40-kd protein was 
determined as described in the Materials and Methods section; 
100 mmol/L of NaC! was added to controls {0 mmol/L of NaF). °P 
Radioactivity in the 40-kd protein bands in controis was set equal 
to 100% and ranged between 440 and 850 cpm. The data shown 
are representative of two experiments. 
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Fig 5. Time-course of NaFf-induced changes in platelet cAMP 


levels. (*H]Adenine-labeied platelets were incubated with either 
30 mmol/L of NaF + 70 mmol/L of NaC! (@) or 100 mmol/L of NaF 
(0) for various periods of time as indicated, and [*HjcAMP was 
determined as detailed in the Materials and Methods section. 
Basa! [Hjadenine incorporation into cAMP was measured after 
incubation of platelets with 0.1 vol of 1 mol/L of NaCi for 20 
seconds and was set equal to 100%. Values are given as means + 
SE of triplicate incubations. The data shown are representative of 
four experiments. 


protein phosphorylation essentially paralleled cytosolic free 
Ca?” fluxes. 

Time-related and concentration-related effects of NaF on 
cytosolic free Ca” and platelet cAMP levels. As illus- 
trated in Fig 5, NaF promoted a dose-dependent transient 
rise in platelet cAMP levels. Net cAMP formation peaked 
already within 10 to 20 seconds of addition of 100 mmol/L of 
NaF, whereas the much smaller maximal increment in 
platelets when stimulated with 30 mmol/L of NaF was 
observed after 30 seconds. Thus, it is likely that the results of 
dose—response experiments in which platelets were incubated 
with different concentrations of NaF for 20 seconds underes- 
timate to a minor extent the effect of low concentrations of 
NaF on platelet cAMP levels. 

The increase in [Ca’*], observed when platelets were 
stimulated with NaF was preceded by a lag period which in 
its length was inversely related to the concentration of NaF 
used. For evaluation of concentration-related effects of NaF 
on [Ca?*],, peak {Ca’*], was calculated from the maximal 
Quin 2 fluorescence signal observed during 10 minutes 
following the addition of NaF. 

Figure 6 gives an integrated view on the dose-related 
effects of NaF on peak [Ca’*], and peak cAMP levels. At low 
concentrations of NaF (<40 mmol/L), net cAMP formation 
was only little affected, whereas [Ca**], increased in a 
dose-dependent manner to maximally 200% to 250% of basal 
values. In contrast, at concentrations >40 mmol/L, there 
was a marked depression of NaF-induced Ca?* mobilization 
that coincided with a dose-dependent exponential increase in 
peak cAMP levels. Because [*H]cAMP formation was deter- 
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Fig 6. Concentration-dependent effects of NaF on platelet 
peak cAMP levels (@) and cytosolic free Ca?’ concentrations (0). 
(H]Adenine-labeled platelets were incubated with increasing corn- 
centrations of NaF for 20 seconds. and (*H]cAMP was determined. 
Results are expressed in percentage of basal ["Hjadenine incorpo- 
ration into cAMP and are given as means + SE of triplicate 
incubations (experimental details are described in the Materials 
and Methods section). The experiment shown is representative of 
four. [Ca?*], was measured in gel-filtered platelets suspended in 
low [Ca”*]}-containing buffer using the fluorescent Ca” probe Quin 
2. Results reflect maximal [Ca’*’], measured during an observation 
period of 10 minutes after addition of various concentrations of 
NaF and are expressed in percentage of basal [Ca‘’],. Points 
represent means + SE of at least three experiments. 


mined in PRP and [Ca’*], was measured in platelets 
suspended in low [Ca?*]-containing buffer, a direct compari- 
son of these dose-response curves may be somewhat artifi- 
cial. Nevertheless, the data strongly point to an inverse 
relationship between NaF-induced cAMP formation and 
Ca?" mobilization. 

NaF-induced inhibition of adenylate cyclase. he pre- 
ceding data show that NaF-treatment of platelets results ina 
transient rise in cAMP that is followed by a rapid decline to 
slightly elevated or basal levels (Fig 5). A similar time course 
was observed in the presence of PGI, (Fig 7). Incubation of 
platelets with 0.05 umol/L of PGI, resulted in a rapid rise in 
cAMP levels that reached a maximum after 3 minutes and 
only gradually decreased during the following 10 minutes. 
Addition of 30 or 100 mmol/L of NaF to plateiets that were 
preincubated with 0.05 pmol/L of PGI, for 3 minutes 
promoted a marked further dose-dependent increase in plate- 
let cAMP levels that peaked after 10 seconds. At both NaF 
concentrations tested, however, the temporary enhancement 
of PGI,-induced cAMP formation was followed by a rapid 
decrease in cAMP to clearly below the levels maintained by 
stimulation with PGI, alone, These data were suggestive of 
either an NaF-induced activation of a cAMP phosphodies- 
terase or a delayed inhibitory effect of NaF on adenylate 
cyclase activity. When platelets were preincubated with 10 
mmol/L of MIX, a potent cAMP phosphodiesterase inhibi- 
tor,” for 4 minutes prior to exposure to either 100 mmol/L of 
NaCl or 30 mmol/L of NaF and 70 mmol/L of NaC] for an 


864 


iSH| cAMP, % basal 





TIME min 


Fig 7. Effect of NaF on prostacyclin (PGI,)-stimulated cAMP 
accumulation. [*H]Adenine-labeled platelets were incubated with 
0.05 nmol/L of PGI, for 3 minutes prior to addition of either 100 
mmol/L of NaCl {L1}, 30 mmoi/L of NaF + 70 mmol/L of NaCl (@), 
or 100 mmol/L of NaF (0). At the time points indicated, [7H}cAMP 
was determined as dascribed in the Materiais and Methods 
section. Results are expressed in percentage of basai [*H]adenine 
incorporation into cAMP and are given as means + SE of triplicate 
incubations. The data shown are representative of three experi- 
ments. 


additional 4.5 minutes, a slow progressive rise in platelet 
cAMP levels attributable to cAMP phosphodiesterase inhi- 
bition was observed (Fig 8). The slightly larger rise mea- 
sured on addition of NaF was probably due to minor 
stimulation of adenylate cyclase. When finally 0.05 wmol/L 
of PGI, was added, cA MP levels progressively increased over 
the next 10 minutes in the NaCl-treated controls. In the 
NaF-treated samples, the further increase in cAMP 
achieved by addition of PGI, was strikingly smaller, indicat- 
ing that NaF indeed exerted a delayed inhibitory effect on 
adenylate cyclase. Our data, however, do not rule out that 
NaF, in addition, stimulates a low-affinity cAMP phospho- 
diesterase. 

LDH measurements. Incubation of platelets with either 
100 mmol/L of NaCl or 100 mmol/L of NaF did not cause a 
detectable rise in total LDH activity in citrated plasma, 
indicating that neither treatment caused measurable lysis of 
platelets. 


DISCUSSION 


We showed that NaF at optimal concentrations causes 
irreversible aggregation of platelets and secretion of granule 
contents as measured by ATP-release. The aggregation 
induced by NaF cannot be blocked by a combination of high 


KIENAST ET AL 


|34] cAMP . % basal 





Ww O BG 4 #8 8 17 18 19 


TIME min 


Fig8. Effect of NaF on prostacyciin (PGI,)-induced stimulation 
of adenylate cyclase. [(*H)Adenine-labeled platelets were incubated 
with 10 mmol/L of 3-isobutyl-1-mathyl xanthine (MIX) for 4 
minutes prior to addition of either 100 mmol/L of NaC! (@) or 30 
mmol/L of NaF + 70 mmol/L of NaCi {0}. After an additional 4.5 
minutes, adenylate cyclase was stimulated by 0.05 pmol/L of PGL. 
Samples for determination of PH]cAMP (described in the Materials 
and Methods section) were taken at various time points as 
indicated. Results are expressed in percentage of basal [*Hlade- 
nine incorporation into cAMP and are given as means + SE of 
triplicate incubations. The data shown are representative of three 
experiments. 


concentrations of specific inhibitors that entirely abolishes 
aggregation by arachidonic acid, ADP, and PAF, respec- 
tively. Thus, it can be assumed that NaF exerts its agonistic 
effects on platelet function through a mechanism that is 
independent of the formation of cyclooxygenase products or 
the release of ADP or PAF. 

An early event in agonist-induced platelet activation is the 
phospholipase C-catalyzed hydrolysis of phosphatidylinositol 
and its phosphorylated derivatives. ™* This results in the 
generation of intermediate breakdown products that function 
as intracellular messenger molecules, among them IP3, 
which mobilizes Ca’* from intracellular storage sites,” "4 and 
diacylglycerol, the endogenous activator of protein kinase 
C. Stimulation of platelets by NaF increases the forma- 
tion of inositol phosphates, indicating the activation of a 
phosphoinositide-specific phospholipase C. NaF-induced 
phosphoinositide turnover leads to activation of protein 
kinase C, as demonstrated by phosphorylation of its major 
substrate in platelets, a 40-kd protein,*’’* and a rise in 
cytosolic free Ca’*, which in turn triggers the phosphoryla- 
tion of a 20-kd protein previously identified as a myosin light 
chain.” In this study, we failed to detect any clear-cut 
changes in [P3 formation at NaF concentrations that evoked 
maximal Ca** mobilization. Because the rise in [P3 even on 
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stimulation of platelets by thrombin is only transient and 
minor as compared with the increase in IP2 and IP1,” 
however, it is possible that the assay used is not sensitive 
enough to detect a slow rise in IP3 which, in addition, could 
be outbalanced by its rapid degradation. Therefore, the most 
likely explanation for the agonistic effects of NaF on platelet 
function would still be that NaF through activation of 
phospholipase C initiates an intracellular signal cascade that 
finally leads to platelet aggregation and release of granule 
contents. On the other hand, our data do not entirely exclude 
the existence of a Ca’*-mobilizing agent distinct from IP3 
that is formed or activated on NaF stimulation of platelets. 

The time lag that precedes the NaF effects related to 
platelet activation decreases with increasing concentrations 
of NaF and may thus reflect the time required for NaF to 
reach its site of action either within the platelet membrane or 
possibly within the platelet cytosol. Our data herein are 
consistent with previous studies reporting a delayed mobili- 
zation of cytosolic free Ca?’ in platelets,” neutrophils,” and 
hepatocytes*’ exposed to NaF. 

When the concentration of NaF is raised to >40 mmol/L, 
a dose-dependent reduction in the maximal amplitude of 
platelet aggregation is observed, and pretreatment of plate- 
lets with 70 to 100 mmol/L of NaF even prevents aggrega- 
tion in response to stimulation by various other agonists. At 
these concentrations, NaF induces a dose-dependent tran- 
sient rise in platelet cAMP, which probably accounts for the 
concomitant reduction in Ca?* mobilization.°~ Inositol 
phosphate formation and 40-kd protein phosphorylation are 
not affected by the cAMP transients, suggesting that neither 
phospholipase C nor protein kinase C action is inhibited by a 
short-lived increase in cAMP levels. We thus conclude that 
the observed inhibition of platelet function at high concentra- 
tions of NaF is due to the increase in cAMP, which counter- 
acts the mobilization of cytosolic free Ca? and mainly 
thereby inhibits aggregation and release reaction. Alterna- 
tively, NaF at high concentrations might interfere with the 
formation or activation of a Ca’*-mobilizing messenger 
distinct from IP3 or directly stimulate a Ca** pumping 
activity, thus reducing the cytosolic free Ca** concentration. 
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Platelet shape change is not and ATP release is only partially 
inhibited even at the highest concentrations of NaF tested, 
which would confirm the earlier observations that shape 
change and release reaction can occur with virtually no 
detectable rise in cytosolic free Ca™ as measured by the 
fluorescent Ca?* indicator Quin 2.7°*° 

The rapid reversal of the NaF-stimulated increase in 
platelet CAMP levels raises the hypothesis that NaF may, in 
addition, either activate a cAMP phosphodiesterase or exert 
a delayed inhibitory effect on adenylate cyclase. The latter 
possibility is confirmed by the observation that NaF- 
pretreatment of platelets partially inhibits PGI,-induced 
cAMP accumulation in the presence of MIX: this experi- 
ment, however, does not preclude an additonal effect of NaF 
on a cAMP phosphodiesterase. 

Because in platelet membrane preparations NaF has been 
shown to activate the stimulatory (N,) as well as the inhibi- 
tory (N,) guanine nucleotide-binding protein involved in the 
regulation of adenylate cyclase activity,'*'? it is possible that 
the dual effect of NaF on adenylate cyclase in intact platelets 
mirrors the concentration-dependent, concomitant, or suc- 
cessive activation of both N, and N, In extension of this 
hypothesis, we further suggest that a NaF-sensitive N pro- 
tein may also play a role in the activation of phospholipase C. 
We observed activation of phospholipase C by NaF indepen- 
dent of a rise in cytosolic free Ca** and despite high cAMP 
transients. In granulocyte membranes, an N protein is 
required for the stimulation of phosphoinositide-specific 
phospholipase C at resting cytosolic free Ca** concentra- 
tions.* 

In conclusion, we demonstrated that NaF, as a result of 
simultaneous modulation of phospholipase C and adenylate 
cyclase activity, has a biphasic, concentration-dependent 
effect on the function of intact human platelets. The action of 
NaF may be linked to its known capacity to activate N 
proteins. 
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Factor XIIIa Formation Promoted by Complexing of a-Thrombin, Fibrin, and 
Plasma Factor XIII 


By Charles S. Greenberg, Komandoor E. Achyuthan, and John W. Fenton I] 


Fibrin polymers (des A,B fibrinogen) reduced the concen- 
tration of a-thrombin required for 50% activation of plasma 
factor XIII (a,b, tetramer) by approximately 100-fold. In the 
presence of fibrin, the amount of ‘y-thrombin required for 
activation was not affected. Catalytically inactive i-Pr,P- 
and p-Phe-Pro-Arg-CH,-a-thrombin were found to inhibit 
over 95% of the activation by a-thrombin in the presence of 
fibrin. Unlike plasma factor XIII, the concentration of a- 
thrombin required for 50% activation of platelet factor XII 
(a, dimer) was lower, and the activation was not enhanced 
by fibrin. However, when the a, platelet factor XII was 
incubated with purified b-chains, the aœ- and ‘y-thrombin 
concentrations required for activation increased tenfold 


LASMA FACTOR XIII (a,b,) is composed of two “a” 
and two “b” polypeptide chains that form a tetramer in 
circulating blood. Upon cleavage of factor XIII, the activa- 
tion peptides are released and form an inactive intermediate, 
factor XIII’ (ażb,).! In the presence of Ca** and fibrin(ogen), 
factor XIII’ undergoes a conformational change that results 
in the dissociation of b-chains and the formation of factor 
XIla.’ In this process, the presence of fibrin(ogen) reduces 
the Ca2* concentration required for b-chain dissociation’ and 
also enchances thrombin-catalyzed release of the activation 
peptides from the a-chains of purified plasma factor XHI.* 
In our studies examining the factors affecting the activa- 
tion process, we found that a-thrombin would cause a 43-fold 
more rapid release of fibrinopeptide A from fibrinogen than 
activation of plasma factor XIII. Previous studies had found 
that a temporal relationship existed between fibrin polymer- 
ization and factor XIII activation and that inhibition of 
fibrin polymerization delayed the activation event without 
inhibiting fibrinopeptide A release.” In addition, the poly- 
merization of des-A-fibrinogen and des-A,B-fibrinogen 
accelerated the rate of thrombin cleavage of plasma factor 
XHI in afibrinogenemic plasma,® and inhibition of fibrin 
polymerization by Gly-Pro-Arg-Pro prevented fibrin poly- 
merization and significantly reduced the rate of plasma 
factor XH cleavage by thrombin.°® Furthermore, the 
plasma factor XIII was found to bind specifically to polymer- 
ized fibrinogen and fibrin fibers, and the binding was not 
affected by other plasma proteins or divalent cations.’ 
Unlike plasma factor XIII, platelet factor XHI is com- 
posed of two a-chains alone yet binds like its plasma counter- 
part to fibrin(ogen), which suggests that the a,-subunit may 
mediate binding. ë Since fibrin(ogen) has been found to 
selectively bind a-thrombin,”’? we have proposed that the 
formation of a cocomplex involving thrombin, fibrin, and 
plasma factor XIII promotes the formation of factor XIHa.® 
Unlike a-thrombin, y-thrombin lacks clotting activity and 
binds very weakly to fibrin(ogen)’*"' yet retains its catalytic 
activity and cleaves factor XIII.’* When the catalytic serine 
and histidine residues are covalently conjugated with i- 
Pr,-P-F or pD-Phe-Pro-Arg-CH,-Cl, a-thrombin becomes 
irreversibly inactivated.'*'® These a-thrombin conjugates 
cannot cleave plasma factor XII] or clot fibrinogen solutions, 
yet they can bind to fibrin(ogen) and compete for a- 
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and reached levels similar to those required for activation 
of the plasma factor XII. When fibrin was present, the 
a-thrombin concentrations needed for activation of the 
a,b, complexes were reduced, and the presence of fibrin 
had no effect on y-thrombin cleavage of the a,b, complex- 
es. Therefore, the b-chains must inhibit a-chain cleavage 
by a-thrombin in the absence of fibrin. These results imply 
that the formation of a cocomplex involving a-thrombin, 
fibrin, and plasma factor XII causes some conformational 
change in plasma factor XIII such that the b-chains no 
longer inhibit cleavage of the a-chains. 

e 1987 by Grune & Stratton, inc. 


thrombin binding sites. ®" In the present study, we used 


modified thrombin to explore the mechanisms of fibrin- 
mediated enhancement of plasma factor XII] activation. The 
binding of both a-thrombin and plasma factor XII to hbrin 
was found to be required for the rapid activation of plasma 
factor XIE. 


MATERIALS AND METHODS 


Factor Xill-deficient plasma was purchased from George King 
Biomedical (Overland Park, KS) and adsorbed with 15 mg/mL of 
bentonite (Sigma Chemical Co, St Louis) for 30 minutes at 22 °C. 
Human plasma and platelet factor XII] were purified from fresh, 
frozen plasma and stored at ~70°C.'’"* Fibrinogen and des-A,B- 
fibrinogen were prepared as previously described.’ and p-Phe- 
Pro-Arg-CH,-Cl, i-Pr,P-F, anti-factor XH a-chain and anti-factor 
XIII b-chain antibodies were purchased from Calbiochem-Behring 
Corp (La Jolla, CA). 

Thrombin preparations. Human a-thrombin was purified from 
fraction Į paste and stored frozen at —70 °C in 0.75 mol/L NaCl, 
pH 6.0. This preparation contained a final protein concentration of 
69.7 wmol/L, an active site titration of 68.2 pmol/L, and fibrinogen 
clotting activity of 3,100 US National Institutes of Health (NTH) 
U/mg.” y-thromin was prepared by passing purified a-thrombin 
through a trypsin-agarose column” and stored as noted before (52 
umol/L protein, 24.8 umol/L active site titration, and 0.36 NIH 
U/mg activity). Inactivated i-Pr,P-a-thrombin was prepared by 
repeated additions of the fluoride reagent to a-thrombin until the 
clotting activity declined to <2%. This was followed by extensive 
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dialysis against 0.75 mol/L NaCl at 4°C,’and the enzyme was 
stored frozen (52 wmol/L protein, <0.5 umol/L active site titration, 
and 0.37 NIH U/mg activity). Affinity-labeled p-Phe-Pro-Arg- 
CH,-a-thrombin was made by incubating equimolar amounts of the 
chloromethyl ketone reagent and a-thrombin for one hour followed 
by dialysis to remove unreacted reagent. Protein concentrations were 
calculated from absorbance at 280 nm by using an extinction 
coeficient of 1.83 mg/mL /cm and a molecular weight of 36,500 for 
a-thrombin.’” All concentrations of reagents used in the study were 
based upon the absolute protein concentrations rather than the 
active site concentrations. 

Measurement of a- and y-ihrombin cleavage of plasma and 
platelet factor XHI in the presence and absence of des-A,B- 
fibrinogen. œ- or y-thrombin at 0.01 to 1,000 nmol/L was incu- 
bated with 6 nmol/L platelet factor XIH or 9 nmol/L plasma factor 
XII} for five minutes at 37°C in the presence or absence of 620 
nmol/L des-A,B-fibrinogen in Tris-buffered saline (0.13 mol/L 
NaCl at pH 7.4 and 0.02 mol/L Tris-HCI (TBS), and 5 mmol/L 
CaCl, Thrombin was inhibited by a 100-fold molar excess of 
D-Phe-Pro-Arg-CH,-Cl, and factor XIla was assayed after stabili- 
zation in a buffer containing glycerol at 4 °C.” Preliminary experi- 
ments demonstrated that the presence of D-Phe-Pro-Arg-CH,-Cl did 
not interfere with the factor XHIa assay, Less than 5% of the factor 
XII preparation expressed activity in the absence of a-thrombin, 
and sodium dodecyl sulfate~polyarylamide gel electrophoresis 
(SDS-PAGE) analysis demonstrated over 87% cleavage of the 
a-chains by thrombin in the factor XIT preparations.” 

Factor XHla assay. Plasma and platelet factor XIla formation 
was quantitated using the (*H]-putrescine incorporation assay.” 
Factor XIHa activity was expressed as nanomoles of putrescine 
incorporated into casein in 60 minutes at 37 °C, where this activity 
correlated with thrombin cleavage of the a-chains.* Factor XHIa 
activity was expressed as the percentage of total factor XIla 
determined after incubating samples with 5 mmol/L CaCl, and 190 
nmol/L a-thrombin at 37 °C for 15 minutes. 

Effect of i-Pr,P- and p-Phe-Pro-Arg-CH -thrombin on a-throm- 
bin cleavage of plasma factor XIII in the presence or absence of 
fibrinogen. Concentrations of either i-Pr.-P-thrombin or p-Phe- 
Pro-Arg-CH,-thrombin ranging from 9 to 90 nmol/L were incu- 
bated at 22 °C for five minutes in TBS containing 9 nmol/L plasma 
factor XIH and the presence or absence of 620 nmol/L fibrinogen. 
These reaction mixtures were subsequently incubated for five min- 
utes at 37 °C with 9 nmol/L a-thrombin followed by the addition of 
i mmol/L p-Phe-Pro-Arg-CH.-Cl. Factor XIla activity was mea- 
sured by the [°H]-putrescine incorporation assay. Samples of the 
reaction mixtures that contained fibrinogen were further ultrafil- 
tered through an Amicon ultrafiltration cell using an X M 100A 
membrane (Amicon Corp, Danvers, MA) to determine whether the 
effect of the modified thrombins was reversible. 

Effect of plasma factor XIII b-chains on a-thrombin cleavage of 
factor XIH a-chains. Plasma containing only factor XH b-chains 
was prepared by bentonite adsorption of factor X[1l-deficient 
plasma. The adsorbed plasma was electrophoresed through agarose 
gels containing either anti-a-chain or anti-b-chain antisera to 
demonstrate the absence of a-chains and the presence of b-chains.” 
Equal volumes of 0.24 wmol/L platelet factor XIH (a,) and benton- 
ite-adsorbed factor XHI-deficient plasma were incubated for 15 
minutes at 22 °C. Following incubation, the samples were diluted to 
20% vol/vol with TBS and incubated for five minutes at 37 °C with 
0.01 nmol/L to 10 nmol/L a-thrombin and in the presence or 
absence of 0.62 mol/L des A,B fibrinogen. In another set of 
reaction mixtures, purified factor XIII b-chains” at 3.6 nmol/L 
were incubated with 2.4 nmol/L platelet factor XIII a-chains in 
TBS for 15 minutes at 22 °C. To these, either 0.01 to 10 nmol/L of 
a-thrombin or 0.1 to 100 nmol/L -y-thrombin was added, and the 
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samples were incubated for 15 minutes at 37 °C in the presence or 
absence of 620 nmol/L des A,B fibrinogen. The reactions were 
stopped by the addition of D-Phe-Pro-Arg-CH,-Cl to | amol /L, and 
the level of factor XHila formation was determined by the [°H]- 
putrescine incorporation assay. 

Formation of a,b, complex {plasma factor XIII) by binding of 
b-chains to a-chains. Platelet factor XIII was radioiodinated with 
Na'*I usirg lactoperoxidase to a level of 5,620 cpm/ng.* The 
radiolabeled a-chains were incubated at 6 nmol/L with 80 nmol/L 
purified b-chains for 15 minutes at 22 °C. Complexes formed in the 
reaction mixture as well as radiolabeled plasma factor XII (2,680 
cpm/ng) were electrophoresed through discontinuous PAGE.* The 
gels were stained and dried, and autoradiography was performed to 
identify the location of radiolabeled factor XII] a-chains bound to 
purified b-chains. Autoradiograms were scanned using a GS-300 
scanning densitometer (Hoefer, San Francisco) to quantitate the 
amount of “*[-labeled a-chains that had complexed with b-chains. 

Measurement of fibrin polymerization. Purified fibrinogen at 2 
mg/mL was incubated with 10 nmol/L of a-thrombin in TBS 
containing 5 mmol/L CaCi,. The level of fibrin polymerization was 
measured gs previously described,” and the rate of polymerization 
was Calculeted as a function of the maximum slope of the polymer- 
ization curre. 


RESULTS 


Fibrin polymers generated from des A,B fibrinogen 
reduced tie level of a-thrombin required for 50% activation 
of plasme factor XHI by approximately 100-fold. In con- 
trast, the evel of y-thrombin required for 50% activation had 
slightly imcreased in the presence of fibrin (Fig 1). On a 
functiona: enzyme basis, the a-thrombin and -y-thrombin 
preparations were 97.8% active (umol/L active site/ymol/L 
protein x 100) and 47.7% active, respectively. Therefore, 
a-thrombin exhibited an approximate 15-fold increase over 
y-thrombin in its ability to activate the plasma factor XII in 
the absence of fibrin and an increase greater than two orders 
of magnitude over y-thrombin in the presence of fibrin. In 
control experiments, 1000 nmol/L y-thrombin could not 
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Fig 1. Plasma factor XIH activation by æ- or y-thrombin in the 
presence or absence of fibrin polymers. Factor XH was activated 
and assayed as described in the text: it was incubated with 
a-thrombin (O—-O) or y-thrombin (1-— ©} atone (open symbols) or 
plus des A.B fibrinogen (solid symbols). 


MECHANISM FOR PLASMA FACTOR XII ACTIVATION 


inhibit activation of the plasma factor by 1.0 nmol/L a- 
thrombin in either the presence or absence of fibrin. 

Since the fibrin used in the aforementioned experiments 
was generated by diluting ten- to 20-fold des A,B fibrinogen 
in | mol/L NaBr, the high salt concentrations could poten- 
tially interfere with thrombin binding to fibrin(ogen). To 
address this issue, experiments were conducted with fibrin 
generated in situ from fibrinogen reacted with a-thrombin. 
We found that a tenfold molar excess of inactivated i-Pr,P- 
or D-Phe-Pro-Arg-CH,-a-thrombin inhibited over 95% of the 
activation of plasma factor XII] by a-thrombin in the 
presence of fibrin(ogen) (Fig 2), but neither appreciably 
inhibited factor XHI activation in the absence of 
fibrin(ogen). 

The highest concentrations of catalytically inactivated 
thrombins did not interfere with fibrin formation by a- 
thrombin in the fibrinogen-containing solutions. However, 
when these solutions were subsequently ultrafiltered through 
membranes with a 100,000-dalton cutoff, they regained their 
ability to promote a-thrombin activation of factor XII. 
Dialyzing the modified-thrombin solutions did not interfere 
with their ability to competitively inhibit a-thrombin cleav- 
age of the plasma factor XIII with fibrin. In addition, when 
1.8 umol/L a-thrombin was added to 9 nmol/L plasma 
factor XIII with 90 nmol/L i-Pr,P-a-thrombin, additional 
factor XIIIa was formed. 

Unlike the plasma factor, platelet factor XIH required 
approximately tenfold less a-thrombin for 50% activation, 
and the acitivity was not enhanced by the presence of fibrin 
(Fig 3). y-Thrombin was at least an order of magnitude less 
active relative to a-thrombin and was essentially unaffected 
by the presence of fibrin. However, when platelet factor XHI 
was incubated with either afibrinogenemic plasma contain- 
ing b-chains or isolated b-chains from plasma factor XII, 
the a-thrombin concentration required to activate the a,b, 
complexes increased by approximately tenfold in the absence 
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Fig 2. inhibition of a-thrombin activation of plasma factor XIll 
with catalytically inactivated thrombins in the presence of fibrin. 
Des A.B fibrinogen and plasma factor XIII were incubated with 
increasing concentrations of either Pr, P- {O—O) or 0-Phe-Pro- 
Arg-CH,-a-thrombin {[2-—-O) for 15 minutes prior to assaying 
factor Xilla activity. as described in the text. Similar reactions 
were performed in the absence of fibrin (closed symbols). 
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Fig 3. Platelet factor XIII activation by a- or ‘y-thrombin in the 
presence or absence of fibrin polymers. See Fig 1: a-thrombin 
alone (O—O) or a-thrombin pius des A.B fibrinogen (@---@); 
y-thrombin alone (1—0) or ‘y-thrombin plus des-A,B-fibrinogen 
(WM). 


of fibrin and was decreased by approximately tenfold in the 
presence of fibrin (Fig 4). The presence of b-chains inhibited 
y-thrombin cleavage of platelet factor XII (Fig 5), and the 
presence of fibrin was not found to enhance -y-thrombin 
cleavage of the a,b, complexes (data not shown). 

In additional experiments, platelet factor XHI a-chains 
were radiolabeled with '*1 and incubated with isolated factor 
XIH b-chains. When electrophoresed according to Lorand et 
al,’ 86% the a-chains migrated as the a,b, complex, which 
comigrated with plasma factor XHI (data not shown). 


DISCUSSION 


Fibrin generated from the polymerization of des A,B 
fibrinogen clearly amplified the a-thrombin activation of 
plasma factor XIII by approximately 100-fold. This form of 
the human enzyme exhibits high fibrinogen-clotting activity 
as well as all other thrombin-associated characteristics "7 
The autoproteolytic or tryptic degradative form of thrombin, 
y-thrombin, lacks clotting activity but retains its substrate- 
binding and certain other enzymic traits. Although this 
form has been shown to activate plasma factor XIII,'* such 
activation was not found to be enhanced by the presence of 
fibrin. This suggests that a fibrin(ogen) recognition site 
necessary for clotting must be involved in the enhancement 
phenomenon. 

Like a-thrombin, catalytically inactivated forms bind 
tightly to nonpolymerized fibrin immobilized in agarose and 
are eluted by similar salt concentrations. Both of the modi- 
fied forms compete for a-thrombin binding sites and were 
found to inhibit 95% of the activation of plasma factor XI 
by the native enzyme. In contrast, the binding of y-thrombin 
to nonpolymerized fibrin is very weak!’ and was not found to 
compete with a-thrombin in the activation of plasma factor 
XH. Since the 7-Pr,P-group is an obstructive moiety conju- 
gated to the catalytic serine residue and the D-Phe-Pro- 
Arg-CH,-group fills the fibrinopeptide groove adjacent to 
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Fig4. Platelet factor Xiii incubated with the plasma factor XHl 
b-chains and activated with a-thrombin in the presence or absence 
of fibrin. Platelet factor Xiii activated by a-thrombin in the absence 
of fibrin or b-chain (/4:——\}. In addition, plasma containing b- 
chains with (@—®) or without (O-——O) fibrin polymers was incu- 
bated with platelet factor XHI and activated with a-thrombin. 
isolated b-chains were also incubated with platelet factor XIII and 
activated by thrombin with (W—W) or without (1—00) fibrin 
polymers. 


the catalytic site,'*'® an exosite independent of the catalytic 
site and adjacent regions must be required for a-thrombin 
complexing with fibrin(ogen). 

The presence of fibrin was not found to enhance the 
activation of platelet factor XIH by a-thrombin. However, 
when the platelet factor, which has an a,-chain structure, 
was incubated with b-chains from the plasma factor XIII, an 
a,b, complex was formed. The activation of this hybrid 
complex by a-thrombin was enhanced by approximately 
20-fold in the presence of fibrin. Although the isolated 
b-chains cannot complex with fibrin(ogen) alone, yet the a, 
dimers can,’* the in vitro complexing of a-chains with 
b-chains clearly inhibited œ- and y-thrombin cleavage of the 
a-chain when fibrin was absent. Thus, our data strongly 
suggest that activation of plasma factor XIII proceeds via the 
formation of cocompiex involving a-thrombin, the a,b, com- 
plex, and fibrin. 

Earlier investigations suggested that plasma factor XIII 
b-chains inhibit a-thrombin cleavage of the a-chains.”? Our 
data support these findings since approximately tenfold more 
a-thrombin or y-thrombin was required to activate plasma 
factor XIH or the hybrid (a,b,) complexes relative to platelet 
factor XH I (a,). Our data further demonstrate a previously 
unrecognized change in the interaction between the a- and 
b-chains during the clotting event. We have found that the 
b-chains inhibit cleavage of the a-chains by a- and vy- 
thrombins in the absence of fibrin. However, in the presence 
of fibrin, the b-chains no longer inhibit a-thrombin cleavage 
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Fig 5. Effect of b-chains on Platelet factor XIII activation by 
Y-thrombin. Platelet factor XII was activated by y-thrombin in the 
presence (O-—O} or absence (@—@) of b-chains. Platelet factor Xili 
was activated and assayed as described in the text. 


of the a-chains. Since the y-thrombin concentration required 
to cleave the a-chains was not affected by the presence of 
fibrin, the binding of thrombin to fibrin must be required for 
thrombin activation of plasma factor XIII. We propose that 
the b-chains bind to the a-chains of the a,b, complex, which 
protects them from thrombin binding in circulating blood. 
However, in the presence of fibrin, a binding of the a,b, 
complex to the fibrin polymer leads to a conformational 
change in the a- and b-chain geometry, which promotes 
formation of the activation complex. 

Preliminary experiments have indicated that non—cross- 
linked fibrin protofibrils promote a-thrombin activation of 
plasma factor XIH.* whereas other data show that soluble, 
cross-linked fibrin does not.” Thus, the activation complex 
appears to occur transitorily during fibrin polymerization. 
This is also true in the active entrapment process whereby 
a-thrombin becomes incorporated into fibrin clots.'® 

The mechanism by which fibrin modifies the interaction 
between a- and b-chains to promote thrombin cleavage does 
not appear to involve a requisite dissociation of the b-chains 
from the complex since des A,B fibrinogen promotes throm- 
bin cleavage of plasma factor XHH in the presence of EDTA 
under conditions whereby the b-chains do not dissociate from 
the a-chains.® The b-chain may actively promote a conforma- 
tional change in the a-chain, or the a-chains may undergo a 
conformational change that rearranges the position of the 
b-chains within the complex. 
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Durability of Responses to Interferon Alfa-2b in Advanced Hairy Cell Leukemia 


By Mark J. Ratain, Harvey M. Golomb, Ronald G. Bardawil, James W. Vardiman, Carol A. Westbrook, 
Lynne S. Kaminer, Barry C. Lembersky, Mitchell A. Bitter, and Karen Daly 


Previous studies have demonstrated that significant hema- 
tologic improvement occurs in the majority of patients with 
hairy cell leukemia (HCL) treated with partially purified or 
recombinant interferon (IFN). Fifty-three patients received 
IFN alfa-2b for at least 3 months in a dose of 2 x 10° U/m? 
subcutaneously thrice weekly. Of the 49 patients evaluable 
for response (at least 6 months of IFN therapy), there were 
ten complete responses and 29 partial responses for a total 
response rate of 80%. The peripheral blood counts and 
bone marrow continued to improve over the course of a full 
year of therapy. IFN was well tolerated, with no patients 
discontinuing therapy because of toxicity. Transient mye- 
losuppression occurred in most patients during the first 1 
to 2 months of therapy, occasionally precipitating a trans- 


AIRY CELL LEUKEMIA (HCL) was first described 

by Bouroncle et al in 1958.' Splenectomy has long 

been considered the initial treatment of choice,’ but patients 

with advanced disease postsplenectomy have historically 

been difficult to treat because of persistent neutropenia 
following even low-dose chemotherapy.’ 

Quesada et al’ first demonstrated that a partially purified 
interferon product was highly effective in advanced HCL, 
and Ratain et al* showed that interferon itself was the active 
molecule using the recombinant drug. These initial results 
with recombinant interferon have subsequently been con- 
firmed in a multiinstitution study of 64 patients,® and the 
results of several large series have recently been reviewed.’ 
The objectives of this analysis from a single institution are to 
extend and update our experience with interferon alfa-2b 
(IFN) in advanced HCL and to determine the duration of 
response to IFN by careful assessment of peripheral blood 
and bone marrow changes following discontinuation of ther- 
apy. 


MATERIALS AND METHODS 


Patient eligibility. Requirements for inclusion in the study were 
as follows: (1) pathologically confirmed diagnosis of HCL on the 
basis of a recent (within | month) bone core biopsy; (2) significant 
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fusion requirement. After IFN treatment was discontinued, 
there was a marked decrease in normal marrow elements 
and a relative increase in marrow hairy celis., This was 
associated with a transient increase in normal elements in 
the peripheral blood. Only one of 24 patients followed after 
receiving IFN for a median of 8.5 months (range, 3 to 16 
months) has required further therapy. We conclude that 
low-dose IFN alfa-2b is highly effective in advanced HCL; 
responding patients should be treated for at least 1 year. 
The decision to initiate a second course of IFN therapy 
should be based primarily on peripheral blood counts and 
the clinical status of the patient rather than on the bone 
marrow. 

è 1987 by Grune & Stratton, inc. 


anemia (hemoglobin, <12 g/dL), thrombocytopenia (platelets, 
< 100,000 cells/uzL), neutropenia (neutrophils, <1,000 cells/uL), 
and/or leukemia (white blood count, > 10,000 cells/uL with more 
than 50% hairy cells); (3) prior splenectomy, unless refused by the 
patient, (4) normal hepatic and renal function; (5) past the nadir of 
toxicity of any previous therapy (chemotherapy and/or radiothera- 
py), preferably no treatment in the previous 4 weeks; and (6) 
informed consent in accordance with procedures defined by the 
Department of Health and Human Service. 

Study design. IFN (Intron A, Schering Corp, Kenilworth, NJ) 
was supplied as lyophilized powder (10 x [0° and 50 x 10° U/vial) 
and reconstituted with sterile water. The initial dose of IFN was 2 x 
10* U/m’ self-administered subcutaneously three times weekly. 
Dose escalation up to 10 x 10% U /m?’ was allowed for nonresponders 
but used in only two patients. Five of the first six patients were 
initially treated with 10 x 10° U/m’, but it was deescalated when the 
lower dose was shown to be active. Patients were admitted to the 
hospital for the first two doses to facilitate teaching of IFN reconsti- 
tution and administration and to observe for unexpected toxicity. 

Patients were seen monthly at the University of Chicago. Treat- 
ment was continued for 12 months in responding patients. Patients 
completing 12 months of IFN therapy after January 1985 were 
entered in a randomized study comparing an additional 6 months of 
IFN therapy to observation. Patients were stratified by response (at 
the time of randomization), as defined in the next section. 

While receiving IFN, a complete blood count (and differential) 
was obtained weekly until patients showed objective evidence of 
response, then it was done monthly. A chemistry panel was obtained 
monthly. Bone marrow biopsy specimens were obtained at least 
every 3 months, Since the neutrophil alkaline phosphatase score 
(NAP) has previously been shown to be elevated in HCL,’ we also 
determined the NAP every 3 months. After discontinuation of IFN 
therapy, a complete blood count was obtained monthly. A chemistry 
panel, NAP, and bone marrow biopsy specimen were obtained every 
3 months for the first year of follow-up and then every 6 months. 

Response criteria. Patients were considered eligibie for response 
after 6 months of therapy. Although responses occur within | to 2 
months of starting IFN treatment, prior studies have demonstrated 
that the absolute neutrophil count (ANC) and hemoglobin level may 
improve continuously over the first 6 months of therapy. The 
response criteria used in this analysis are similar to those reported 
previously.*’ 

A complete response (CR) was defined as (a) normalization of 
peripheral blood counts (hemoglobin, >12 g/dL; platelets, 
>100,000 cells/uL; and ANC, >1,500 cells/uL) and (2) less than 
5% hairy cells in the bone marrow biopsy specimen. (Patients with 
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focal clumping of hairy cells in the bone marrow were not considered 
to have a CR). 

A partial response (PR) designated normalization of peripheral 
blood counts but not meeting the pathological criteria for a CR. 

A minor response (MR) was defined as normalization of at least 
one peripheral blood count initially abnormal but not meeting the 
criteria for a PR. Leukemic patients with only a decrease in WBC to 
the normal range were also considered to have an MR. 

No response (NR) met none of the aforementioned criteria. 

Bone marrow studies. All bone marrow biopsy specimens were 
reviewed initially by a hematopathologist (J.W.V. or M.A.B.). The 
bone marrow biopsy specimens on all patients not receiving IFN for 
at least 3 months were rereviewed by two of the authors (R.G.B. and 
J.W.V.) and analyzed as previously described.” This included differ- 
ential counts of 2,000 to 5,000 cells on the histological sections. 

The volume of each marrow subpopulation was quantitated based 
on the estimated cellularity and the differential as follows: volume of 
subpopulation = percent cellularity x percentage of subpopulation / 
10,000. This analysis is similar to the stereological analysis of 
Flandrin et al'® and our prior use of the hairy cell index (HCI)": 
percent cellularity x percentage of hairy cells/ 10,000. We have also 
quantitated the non—hairy cell index (NHCI) at various time points; 
it was defined as (the percent cellularity/100) - HCI. Occasional 
bone marrows were severely hypocellular (<10% cellularity), espe- 
cially after IFN therapy was stopped. Frequently the peripheral 
blood counts obtained simultaneously suggested that these biopsy 
specimens were not considered representative of the patient's bone 
marrow, and thus nine of 56 marrows (19%) obtained after IFN 
therapy was stopped were excluded from further analysis. 

Statistical analysis. Paired parametric (Student’s £) and nonpa- 
rametric (Wilcoxon) tests were used to analyze the changes in 
peripheral blood counts, NAP, and bone marrow subpopulations 
during and after IFN therapy. Patients with RBC or platelet 
transfusion requirements were considered to have a hemoglobin or 
platelet count of zero for the purpose of this analysis. In general, the 
Wilcoxon test was used to avoid assuming a normal distribution of 
data. However, the paired 7 test was used to assess the changes in 
peripheral blood counts after completion of IFN therapy because of 
the greater power of this test. 


RESULTS 


Patient characteristics. We have entered 59 patients in 
our phase II trial from October 12, 1983, to March 15, 1986. 
Thirty-three of these patients have been reported previously, 
with follow-up through February 1985.°*? Fifty-three of the 
59 patients have completed at least 3 months of therapy (as 
of March, 15, 1986) and are the subject of this paper (Table 
1). Four of the remaining six patients have been recently 
entered in the study. One patient with refractory thrombocy- 
topenia died of an intracerebral hemorrhage during the first 
week of therapy,’ and one patient with advanced HCL and 
severe emphysema (requiring continuous oxygen) died of 
pneumonia during the first month of therapy. 

As noted in Table 1, four patients did not have a prior 
splenectomy. One patient refused a splenectomy, consistent 
with the stated eligibility criteria. In the other three non- 
splenectomized patients, the decision to use IFN was made 
on clinical grounds because all three patients had small 
spleens and a high percentage of hairy cells in the marrow 
and would not be expected to have a durable response to 
splenectomy." 

All but one patient had one or more cytopenias or were in 
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Table 1. Characteristics of 53 Patients Treated 
With 23 Months of IFN 


Characteristic Value 
Sex 
Maie 47 
Female & 
Age (yr) 
Range 33-78 
Median 53 
Previous splenectomy 49/53 (92%) 


Time since splenectomy (mo) 
Range 1-199 
Median 24 
Previous chemotherapy 25/53 (47%) 


the leukemic phase of the disease. Forty patients (76%) were 
anemic (hemoglobin, <12 g/dL), and 19 patients (36%) 
were receiving RBC transfusions. Twenty-seven patients 
(51%) were thrombocytopenic (platelets, <100,000 cells/ 
uL), and 12 patients (23%) required platelet transfusions. 
Most patients (70%) were neutropenic, and three patients 
had less than 100 neutrophils/ul prior to IFN therapy. 
Fourteen patients (26%) were in the leukemic phase of the 
disease. Five of our patients also had symptomatic bony 
lesions, including one patient with normal blood counts. 

Responses. Of the 53 patients described earlier, 50 
patients have completed at least 6 months of therapy. (The 
other three patients are still receiving IFN). The patient with 
normal blood counts at study entry, but symptomatic bony 
lesions, is not evaluable for hematologic response. Major 
responses were seen in 80% of the 49 evaluable patients, with 
ten CRs (20%) and 29 PRs (59%). An additional nine 
patients (19%) had MRs. Only one evaluable patient has not 
responded to therapy. 

Two patients had IFN dose escalations from 2 x 10° U/m’ 
to 10 x 10° U/m? after 4 to 5 months of therapy. The IFN 
dose in the single nonresponder was increased after 4 months 
of IFN. There was no improvement over the next 2 months, 
and IFN therapy was discontinued. No further therapy was 
administered (except for transfusions) over the next 16 
months. The other patient in whom the IFN dose was 
escalated had not responded despite 5 months of IFN, 
although his ANC had increased from 144 to 620 cells/uL. 
He showed further improvement over the next month but was 
not considered a PR until 1 month after stopping IFN 
treatment (at the end of a full year). 

Only one patient had a worsening of his blood counts while 
receiving IFN. The patient initially responded (MR) to IFN 
and was randomized to an additional 6 months of IFN at the 
end of | year. After 14 months of therapy, his blood counts 
deteriorated, and [FN therapy was discontinued. 

Changes in peripheral and bone marrow parameters 
during IFN therapy. As shown in Table 2, the median 
hemoglobin level improved continuously over the first 12 
months of IFN therapy, increasing from 10.6 g/dL to 14.7 
g/dL. The platelet count improved dramatically over the 
first 3 months, but there was only minimal improvement with 
subsequent therapy. The ANC also improved rapidly, but 
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Table 2. Changes in Peripheral Blood and Bone Marrow Parameters During IFN Therapy 
| Month in} 
0 3 6 9 12 18 

Parameter {53) {53) (50) (42) (34) {9} 
Hb (g/dL) 10.6+ 12.2 (.0001)t 13.7 1.0001) 13.9 {.003) 14.7 1.02} 15.3 
Pits {x 1,000 celis/ul) 95 254 {.0001) 240 249 (.06) 277 (.05)§ 292 
WBC {x 1,000 celis/ul} 3.6 3.8 4.4 (.005) 4.4 5.0 (.003) 6.3 (05) 
ANC (x 1,000 cells/ulL} 0.7 i 8 (.0001)} 2.0 (.009} 1.9 5 (.003} 2.9 
BM cellularity (%) 78 0 (.0606) 47 34 (.01) 45 (.02) 48 
BM hairy cells (%) 30 F (.0001) 40 (.0009) 24 21 {.006) 10 (.08) 
HC! 0.71 0.30 (.0001) 0.15 (.005) 0.07 (.001) 0.09 0,03 (.09}/ 
NHC! 0.09 0.15 (.0001) 0.25 0.18 0.35 (01) 0.44 
NAPS 204 100 (,000 1} 77 (0001) 


Abbreviations: Pits, platelets; BM, bone marrow. 
*Due to randomization at 12 months to therapy v observation. 
+ Median. 


31 (.003) 40 40 


tP value v preceding time point by Wilcoxon paired signed-rank test (omitted if P > .1). 


SP = .01 v6 months. 
| P = .06 v9 months. 
{Normal range, 13 to 100. 


there continued to be significant improvement over the first 
year. 

Most of the bone marrow changes also occurred during the 
first 9 months. The bone marrow cellularity significantly 
decreased over the first 3 months (Table 2) and decreased 
further from months 6 to 9, prior to increasing slightly from 
months 9 to 12. The relative percentage of hairy cells in the 
bone marrow appeared to decrease continuously over the first 
year, with a further decrease (P = .08) from months 12 to 18 
(nine patients only). The HCI significantly decreased over 
the first 9 months of IFN, with little subsequent change. The 
NHCI increased over the first 3 months but changed little 
over the next 6 months. However, there was significant 
improvement in the NHCI from months 9 to 12. 

Table 2 also illustrates the dramatic changes that occur in 
the NAP with IFN therapy. The median NAP decreased 
from 204 to 31 over the first 9 months of IFN, but there was 
no further change over the next 3 to 9 months. 

Toxicity. The nonhematologic toxicity that occurred in 
out HCL patients was very similar to that described in prior 
reports.“ Constitutional symptoms occurred in all patients 
and consisted of a “flulike syndrome,” fatigue, and anorexia. 
Gastrointestinal symptoms were common and included nau- 
sea / vomiting (17%) and diarrhea (32%). Neurological] toxic- 
ity included both peripheral neuropathies (32%) and CNS 
dysfunction (21%). The latter usually consisted of subtle 
memory loss or depression, except for one patient with 
Cancer and Leukemia Group B (CALGB) grade 3 confusion 
that required a temporary withdrawal of IFN therapy. Other 


Tabie 3. Transient Myelosuppression Due to IFN Therapy 








Parameter n® Percent Decrease Time to Nadir {wk} 
Hemoglobin 33 8+ 3 
Platelets 36 25 1 
ANC 47 54 2 





*Patients were excluded from this analysis if they were transfusion 
dependent prior to IFN therapy, had no circulating neutrophils, or had an 
incomplete collection of blood counts. 

+ Median. 


common toxicities included injection site inflammation 
(45%), dry skin or seborrheic dermatitis (58%), alopecia 
(17%), and chemical hepatitis (74%). The latter was usually 
manifested as an elevated SGOT cr SGPT level (79%), but 
the alkaline phosphatase value was occasionally elevated 
(28%). All toxicity was CALGB grade | or 2 (except for the 
one patient noted before), and no patient discontinued ther- 
apy due to toxicity, although one patient with severe fatigue 
refused randomization. 

Transient myelosuppression was a very common event 
during the initial } to 2 months of therapy. Changes in the 
ANC were of the greatest magnitude (Table 3), but transfu- 
sions were occasionally required because of worsening ane- 
mia (two patients) and thrombocytopenia (two patients) due 
to IFN therapy. 
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Fig 1. Changes in peripheral blood counts after stopping IFN 


therapy. The data represent the mean values at each time point. 
(HB, hemoglobin; PLTS, platelets}. 
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Fig2. Changes in bone marrow subpopulations after stopping 
IFN therapy. The height of each bar represents the median volume 
of each subpopulation, as defined in Materials and Methods. The 
total height represents the marrow cellularity. ©, myeloid; E, 
erythroid; W, HCL; C, other. 


Follow-up after discontinuation of IFN therapy. Of the 
53 patients described in this report, 34 patients have com- 
pleted at least 12 months of IFN therapy. Twenty-six 
patients were entered in the randomized study, 13 patients in 
each arm (12 v 18 months of IFN therapy). Eight patients 
were not randomized, mainly due to the fact that the 
randomized study was not opened until February 1985. 
Twenty-four patients have not been receiving IFN for at 
least 3 months and were studied further, as described in 
Materials and Methods. Sixteen patients discontinued IFN 
therapy after 12 months, seven patients completed 18 months 
of IFN treatment (6 months after randomization), and one 
patient discontinued IFN therapy after 6 months due to no 
response. This subset of 24 patients is fairly representative of 
the entire group of 53 patients: median age of 47 years, 88% 
male, and 75% complete or partial responders. The median 
time without IFN therapy is 8.5 months, with a maximum of 
16 months. There was a significant increase during the first 
post-IFN month in the platelet count (P = .004) and ANC 
(P = .05), which reversed over the next 2 months (Fig 1). 
There was a significant increase in the hemoglobin level (P = 
.01) from months | to 3 after stopping IFN therapy, which 
reversed over the subsequent 3 months. In addition, the NAP 
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increased over the first 3 months in all 16 patients studied, 
with the median NAP increasing from 40 to 92 (P < .001), 
There were no other significant changes in any of the 
peripheral blood parameters over the first year of follow-up. 

There were also definite changes in the bone marrow over 
the first 3 months after stopping IFN therapy (Fig 2). 
Sixteen patients had evaluable marrows both prior to stop- 
ping IFN treatment and 3 months later. (Five patients had 
severely hypocellular marrows at 3 months only, one patient 
had a severely hypocellular marrow both prior to stopping 
IFN therapy and 3 months later, one patient had a poorly 
prepared marrow at 3 months, and one patient did not have a 
marrow prior to stopping IFN treatment.) Over the first 3 
post-IFN months there was a decrease (not statistically 
significant) in the median cellularity (42.5% v 35%, P > .05) 
and an increase in the relative proportion of hairy cells 
(21.5% v 47.5%, P < .001). The decrease in total cellularity 
appears to be due to a decrease in the myeloid (17.6% v 8.3%, 
P < .001) and erythroid (18.3% v 11.7%, P < .01) volumes, 
but there was no significant decrease in the myeloid: 
erythroid ratio (0.9 v 0.6, P > .05). An example of these 
morphological changes is presented in Fig 3. There were no 
Statistically significant changes over the subsequent 9 
months, although there was an overall increase in the 
leukemic volume. 

A small subset of six patients did have a major increase in 
HCI over the first 9 months after IFN treatment (Fig 4). 
Although the follow-up has been short, only one patient has 
required further therapy after relapsing with a high WBC 
(23,000 cells/uL) after 6 months of observation. His initial 
response status was MR, and he has responded to his second 
course of IFN over the first month of treatment. 


DISCUSSION 


This paper confirms our preliminary report of the effec- 
tiveness of IFN in advanced HCL. IFN, when administered 
at a dose of 2 x 10° U/m’ three times weekly, leads to 
normalization of blood counts and improvement in the bone 





Fig 3. 


Bone marrow changes in a representative patient during and after IFN therapy. Prior to IFN therapy (A), the bone marrow was 


95% cellular with 83% hairy cells. After 18 months of IFN therapy (B), the marrow was 75% cellular with less than 5% hairy cells, and the 
patient was considered to have a CR. However, there was myeloid hypoplasia with a myeloid:erythroid ratio of 0.7. Three months after 
stopping IFN therapy (C), the cellularity was 50% with 25% hairy cells. Note the further decrease in the myeloid:erythroid ratio to 0.5. 
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Fig4. Six patients with an increased HCI (>0.4) after stopping 
IFN therapy. Only one patient (O) has required further IFN therapy. 
Note also that one patient (@) had an increase in the HC! from 
month O to 3, which decreased over the next 6 months. 


marrow in 80% of patients treated for at least 6 months. The 
therapy is well tolerated, with no patients discontinuing IFN 
treatment due to toxicity. Comparable results have been 
reported with the similar drug, interferon alfa-2a.'°'*" 
Changes in the peripheral blood counts and bone marrow 
occur rapidly, with significant improvement over the first 3 
months, especially in the platelet count. There continues to 
be improvement over the first year in both the peripheral 
blood counts and bone marrow. 

One of the primary purposes of this analysis was to define 
the extent and course of hematologic changes occurring after 
discontinuing IFN therapy. We demonstrate that responses 
to IFN are quite durable, with only one of 24 patients 
followed for a median of 8.5 months who required further 
therapy. In addition, there were no significant changes in 
peripheral blood counts over the first post-IFN year, except 
for a rebound increase in all three cell lines demonstrated at 
months | to 3. There did appear to be significant changes in 
the bone marrow after stopping IFN therapy that were 
characterized by a decrease in normal myeloid and erythroid 
elements. In addition, there was a trend towards an increas- 
ing HCI over the first year after stopping IFN treatment, 
which has not yet reached statistical significance. 

Study of the changes in the bone marrow after stopping 
IFN therapy may provide insight into the mechanisms of 
interferon-induced myelosuppression. The major hemato- 
logic toxicity of interferons is leukopenia, with a decrease of 
40% to 60% in the WBC during the first week of treatment 
but with no further decrease with continued therapy.” 
Ernstoff and Kirkwood'® have previously analyzed bone 
marrows in patients with nonhematologic malignancies who 
received IFN. There was a trend toward an increase in 
normal precursors but no maturation arrest. Our data dem- 
onstrate that there is a marked decrease in normal myeloid 
and erythroid marrow elements after stopping IFN therapy 
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simultaneous with a rebound increase in the peripheral blood 
count. This suggests that IFN directly or indirectly inhibits 
the release of normal marrow elements and that this process 
is reversed when IFN therapy is discontinued—a hypothesis 
previously proposed by Ernstoff and Kirkwood." 

We also demonstrate in this paper that IFN leads to 
normalization of another hematologic parameter that is 
abnormal in patients with HCL, the NAP. A previous report 
by Golomb et alë noted an increased NAP in 15 of 17 patients 
studied. The median pretreatment NAP in our patients was 
markedly elevated at 204, which decreased to a nadir of 31 
by month 9 but increased after stopping IFN therapy. A high 
NAP score may reflect a decrease in marrow myeloid 
elements, since these were the two major changes after 
discontinuing IFN treatment. A more detailed analysis of 
the relationship of NAP to peripheral blood counts and bone 
marrow subpopulations is in progress. 

We continue to emphasize that IFN therapy is only 
palliative because discernible hairy cells remain in the bone 
marrow of virtually all patients. In addition, the bone mar- 
row remains abnormal, even in complete responders, with 
increased reticulin and myeloid hypoplasia.’ 

We propose that patients with progressive HCL following 
splenectomy be treated with IFN for at least 6 months. 
Responding patients should be treated for | year. Informa- 
tion regarding longer periods of treatment will be available 
after analysis of a miultiinstitution study randomizing 
patients to 12 v 18 months of IFN therapy. Practicing 
physicians must be aware of the transient myelosuppression 
that occurs in the first 1 to 2 months of therapy, possibly 
precipitating the need for RBC and/or platelet transfusions. 
Following the discontinuation of IFN therapy patients 
should be monitored with complete blood counts every | to 3 
months. Although the bone marrow may change signifi- 
cantly after IFN treatment is stopped, it should not neces- 
sarily be used as a guide to reinstitution of IFN therapy. 

We cannot yet recommend IFN as initial therapy to 
patients in lieu of splenectomy, although Quesada and co- 
workers recently report the attainment of a CR in five of 
seven nonsplenectomized patients." In addition, the eventual 
role of IFN in the therapy of HCL is uncertain because of the 
high complete response rates (23% to 65%) reported from 
preliminary studies of the adenosine deaminase inhibitor 
pentostatin.'**? If possible, patients with HCL should con- 
tinue to be entered in clinical trials. 
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The Secretory Pathway of Bovine Platelets 


By James G. White 


Human platelets contain tortuous channels in their cyto- 
plasm, the surface-connected or open canalicular system 
(OCS), that communicate directly with the surrounding 
medium through openings on the surface membrane. Some 
workers have suggested that the OCS serves as the egress 
route for products secreted during the release reaction. 
Others have proposed alternate secretory pathways. Since 
bovine platelets lack the OCS found in human cells, the 
present study has examined the secretory mechanism of 
these cells to see whether it can shed light on the mystery 
of human platelet secretion. Bovine platelet granules, in 
contrast to human granules, are located more peripherally 
in resting cells (often in contact with the plasma mem- 
brane), most do not move centrally following thrombin 
stimulation as do human platelet granules, and many fuse 
directly with the external plasma membrane without any 
intermediate channel. The lack of peripheral location of 
human granules, their central rather than peripheral move- 


UMAN PLATELETS are secretory cells.' Three dif- 
ferent types of secretory organelles including alpha 
granules, dense bodies, and lysosomes are randomly dis- 
persed in the cytoplasm of resting platelets.’* Following 
exposure to aggregating agents, platelets lose their discoid 
form, become irregular with multiple pseudopods, and con- 
centrate organelles in cell centers.” The physical alterations 
are intimately associated with the discharge of chemical 
substances to the surrounding medium.‘ 

The mechanism by which products stored in the secretory 
granules of human platelets are released to the exterior 
without simultaneous loss of cytoplasmic constituents has 
been the subject of considerable interest.”'’ Investigations 
using electron-dense tracers revealed the existence of a 
surface-connected open canalicular system (OCS) in resting 
human cells. After activation, storage organelles appeared 
to fuse with channels of the OCS, which then served as 
conduits for the release of secretory products.'*"'* Other 
workers using different techniques proposed an alternate 
pathway for secretion. ° They suggested that centrally con- 
centrated organelles fuse to form a closed sac that then 
migrates to the platelet surface, attaches to the membrane, 
and extrudes its products to the outside. 
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ment during secretion, and the presence of extensive 
channels are all consistent with the larger importance of 
the secretory channel to human platelets. Thus, though 
studies of bovine secretion do show that platelets can 
secrete their granules by direct fusion of granule and 
surface membranes, other differences from human plate- 
lets emphasize that this pathway, although important to 
bovine platelet secretion, is less important in human plate- 
lets. Studies of bovine platelats also show that the OCS is 
more dynamic than might have been considered from 
human studies and can form rapidly in response to stimula- 
tion. Such newly formed channels are used as a conduit for 
secretion of granule contents. The finding emphasizes the 
importance of channels for granule secretion in platelets 
generally and puts a new perspective on the ability of these 
cells to form channels rapidly in response to stimulation. 

e 1987 by Grune & Stratton, inc. 


A recent study of bovine platelets has suggested the 
existence of a model for examining the two different concepts 
of platelet secretion.” Zucker-Franklin et al” have shown 
that bovine cells lack the OCS found in human cells. 
Therefore, cattle platelets must have some mechanism other 
than channels of the OCS for discharging products from 
secretory granules to the outside. The present study has 
searched for the secretory pathway in bovine platelets with 
the aid of freeze-fracture and electron-dense tracers. 


MATERIALS AND METHODS 


Blood for the present study was obtained from healthy adult cattle 
housed under direct supervision of the School of Veterinary Sciences 
at the University of Minnesota. Samples aspirated from the external 
jugular vein were mixed immediately with citrate—citric acid- 
dextrose (CCD) (93 mmol/L trisodium citrate, 70 mmol/L citric 
acid, 140 mmol/L dextrose, pH 6.5) in a ratio of nine parts blood to 
one part anticoagulant.’ Blood was sedimented at room temperature 
under a force of 200 g for 20 minutes. Platelet-rich plasma (C-PRP) 
above the buffy coat was aspirated and transferred to separate tubes. 
After determining the platelet count, the samples of C-PRP in each 
tube were combined with equal volumes of the CCD anticoagulant 
and centrifuged to pellets. The plasma was replaced with Hanks’ 
balanced salt solution (HBSS) containing 0.1 mmol/L EDTA. After 
30 minutes at 37 °C, the pellets were resuspended in HBSS with or 
without EDTA to produce a platelet count of 500,000/uL and 
returned to the 37 °C water bath.”° Samples were fixed for study in 
the electron microscope at 30 secends and 1, 3, and 5 minutes after 
exposure to thrombin at concentrations of 1, 3, and 5 U/mL. Each 
thrombin concentration and time of exposure was examined in four 
to seven experiments. 

Fixation was accomplished by combining the sample at the 
appropriate time with an equal volume of 0.1% glutaraldehyde in 
White's saline (a 10% solution of a 1:1 mixture of (1) 2.4 mmol/L 
NaCl, 0.1 mmol/L KCH, 46 mmol/L MgSO,, and 64 mmol/L 
Ca (NO,), - 4H,O and (2) 0.13 mol/L NaHCo,, 8.4 mmol/L 
NaH, PO, and 0.1 g/L of phenol red, pH 7.4). After 15 minutes the 
samples were centrifuged to pellets and the supernatant fixative 
removed and replaced with 3% glutaraldehyde in the same buffer.’” 
The samples resuspended in the second aldehyde fixative were 
maintained at 4 °C for 30 minutes and then sedimented to pellets. 
The supernatant was removed and replaced with either 1% osmic 
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acid in Zetterquist’s buffer or 1% osmic acid in distilled water 
containing 1.5% potassium ferrocyanide for one hour at 4 °C.” 

Tannic acid has been used in our previous studies as an electron- 
dense stain for the OCS of human platelets.” In the present study 
the method was modified from the procedure reported by Somlyo™ 
to stain the secretory pathway of bovine platelets. Bovine cells 
washed and resuspended as described before and exposed to throm- 
bin in the presence or absence of EDTA were fixed through our usual 
sequence of 0.1% glutaraldehyde in White’s saline followed by 
sedimentation to a pellet, removal of the supernatant, and replace- 
ment with 3% glutaraldehyde in the same buffer for two hours at 
4°C., After completion of initial fixation steps, the pellets were 
washed three times and stored overnight in 0.1 mmol/L cacodylate 
buffer, pH 7.2. The buffer was decanted the following day and 
replaced with 4% tannic acid in 0.1 mmol/L cacodylate buffer, pH 
7.2, for four hours at room temperature. The supernatant was 
decanted, the pellets washed in cacodylate buffer, and the samples 
postfixed in 2% osmic acid alone or combined with 1.5% potassium 
ferrocyanide for two hours at 4 °C. 

All samples were dehydrated in a graded series of alcohols and 
embedded in Epon 812. Thin sections cut from the plastic blocks on 
an ultramicrotome were examined unstained or after staining with 
uranyl acetate and lead citrate to enhance the contrast. All examina- 
tions were made in a Phillips 301 electron microscope. 

Some of the aldehyde-fixed control and activated platelet samples 
from each experiment were combined with glycerol, frozen in liquid 
nitrogen, and freeze-fractured under high vacuum.” Carbon plati- 
num replicas prepared from exposed surfaces of the fractured 
platelet pellets were cleaned in detergent and examined in the 
transmission electron microscope. 


RESULTS 


Resting Bovine Platelets 


The fine structure of bovine platelets was described previ- 
ously by Myers et al and by Zucker-Franklin and her 
colleagues.” Bovine platelets are similar to human cells in 
many respects. Like platelets of humans, cattle platelets are 
discoid in form, and their lentiform appearance is supported 
by a circumferential microtubule (Figs 1 and 2). Bovine 
platelets contain the granules, dense bodies, and microchon- 
dria that are also found in human cells. 

There are, however, significant differences between 
human and bovine platelets. Cattle cells are slightly smaller, 
contain fewer dense bodies, and their cytoplasm is dominated 
by granules two to three times larger than those in human 
platelets.'”'* Many of the large granules are spindle shaped 
and often appear to contact the inside of the surface mem- 
brane (Fig 2). An extensive network of tortuous channels 
communicating with the cell surface and referred to as the 
OCS in human platelets**’* was not found in bovine cells 
(Figs 3 and 4). This confirmed the work of others showing 
that cationized ferritin, an electron-dense tracer, easily 
entered the channel system of human platelets but did not 
appear in bovine platelet cytoplasm.” Replicas of freeze- 
fractured bovine platelets also failed to reveal the typical pits 
formed by channels of the OCS communicating with the 
surface of platelets from humans (Fig 3). 

Thin sections of resting platelets prepared by our usual 
fixation procedures in the present study also failed to reveal 
the well-defined system of channels evident in platelets from 
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humans (Figs | and 2). Bovine platelets stained with tannic 
acid lacked an OCS, and replicas of freeze-fractured cattle 
platelets contained only rare dimples or pits comparable to 
the openings of the OCS on the surface membrane of human 
cells until after stimulation by thrombin (Figs 3 to 6). 
However, small protrusions about 0.2 um in diameter and 
devoid of intramembranous particles were frequently present 
on the P face of freeze-fractured resting bovine cells (Fig 3). 
Fractures through the membrane into the cytoplasm often 
revealed contact between membranes of the large granules 
and the undersurface of the cell wall at sites resembling the 
protrusions or indentations seen on the P face (Fig 4). 

Elements of a second system of channels, the dense tubular 
system (DTS), were fully developed in bovine platelets. 
However, membrane complexes formed by the interaction of 
canaliculi from the OCS and DTS were absent (Figs | and 
2). The presence of the platelet-specific peroxidase” local- 
ized to the DTS channels of human platelets confirmed the 
presence of a DTS in bovine platelets. Thus cattle cells 
contain the DTS but are deficient in the specialized mem- 
brane complexes found in human cells and in platelets from 
other species. 


Thrombin-Stimulated Bovine Platelets 


Aggregates. Thin sections of aggregated bovine platelets 
bore a superficial resemblance to human platelet thrombi. 
Shape change was evident, and the groups of cells were 
closely molded to each other as in hemostatic plugs. Dense 
spots resembling the contracted masses of actomyosin pres- 
ent in thrombin-stimulated human cells were present in 
many aggregated bovine platelets. However, the central 
concentration of organelles and enclosure within constricted 
rings of microtubules and microfilaments, regularly present 
in activated human platelets,” were rarely evident in bovine 
platelets. Instead, the granules remained dispersed near the 
cell periphery. Tannic acid staining of the bovine platelet 
aggregates revealed electron-dense tracer outlining the 
spaces between aggregated platelets (Figs 7 and 8). In some 
cells the tannic acid~osmium product appeared in channel- 
like structures penetrating into the cytoplasm of the clumped 
platelets close to the dense spots of actomyosin. Some 
granules were also stained by tannic acid~osmium, which 
indicated they were connected to the cell wall or channels 
reaching the platelet surfaces. 

Activated platelets. Thin sections of thrombin-stimu- 
lated but not aggregated bovine platelets revealed additional 
differences in their response compared with their human 
counterpart (Figs 9 to 20). Spikelike pseudopods extending 
from shape-changed bovine platelets were thinner and 
straighter than those formed on activated human platelets. 
Occasional microtubules are evident in human platelet pseu- 
dopods, but most surface projections lack the polymer. 
Almost every pseudopod extending from bovine platelets 
contained one or several microtubules interspersed with 
microfilaments. Microtubules were also present in the cyto- 
plasm of activated bovine platelets (Fig 9). However, instead 
of being organized in constricted rings around centrally 
concentrated organelles, the tubules were irregularly dis- 
persed in bundles or loose arrangements. The granules in 
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Fig 1. Resting bovine platelet. A circumferential microtubule (MT) coiled just under the surface membrane supports the lentiform 
appearance of the unstimulated cell. Granules (G), occasional mitochondria (M) anc a few dense bodies (DB) together with glycogen (Gly) 
particles are randomly dispersed in the cytoplasm. The resting cell does not appear to contain channels of the open canalicular OCS or 
dense tubular systems (DTS). (Original magnification x24,000.) Fig 2. Cress section of discoid cattle platelet. Granules are 
significantly larger than those in human platelets. They often appear to be in close association (°) or contact with the platelet membrane. 
(Original magnification x28,000.) Fig3. Replica of freeze-fractured bovine platelet. The surface membrane of a discoid cell has been 
split by the procedure, thereby revealing the outside of the inner layer, or “P” face. indentations representing sites of continuity between 
channels of the open canalicular and the surface membrane in human cells are rarely seen in replicas of resting bovine platelets. Dimples 
(t) or protrusions free of the intramembranous particles covering the rest of the exposed surface are evidant on most of the replicas. They 
may represent sites of contact between granules in the cytoplasm and the inner surface of the cell membrane. (Original magnification 
x22,000.) Fig4. Replica of discoid bovine platelet. Granules (G) in the cytoplasm are in close proximity to depressions in the surface 
membrane (Í) at several points. (Original magnification x28,000.) Fig 5. Replica of washed bovine platelet exposed to thrombin (3 
U/mL, five minutes) in the presence of EDTA. The “’P” face contains several indentations (') similar, if not identical, to the openings of the 
OCS on replicas of resting human platelets. (Original magnification x 25,000.) Fig6. Thrombin-activated bovine platelet (1 U/mL, three 
minutes). Shape change is under way in this cell, but the granules remain peripherelly oriented. One organelle [G) has caused the surface 
membrane to protrude. This may precede extrusion of organelle contents. A small channel (1) is also apparent close to the cell membrane 
in this cell. (Original magnification x 28,000.) 


most platelets were peripherally oriented near the cell mem- some product in platelet granules, which resulted in a heavy 
brane rather than concentrated in cell centers. deposit of osmium black (Figs 7 to 12). The electron-dense 

Although tannic acid failed to stain channels of the OCS Stain appeared to reach granules through connections 
or granules in resting bovine platelets, it did so in thrombin- between the organelles and the cell surface. The mechanism 


activated cells. Tannic acid appeared to react selectively with for development of the openings permitting penetration of 
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Fig 7. Thrombin-aggregated platelets stained during fixation with tannic acid. Osmic acid deposited as an electron-dense stain by 
tannic acid coats the cell surface, fills channels penetrating into the cells, and has entered some granules (G) similar in size to unstained 
organelles. Two of them are in direct continuity with the cell surface through stain-filled channels (C). (Original magnification 
x17,000.) Fig 8. Thrombin-aggregated bovine platelets. The preparation is the same as that shown in Fig 7. Tannic acid coats the 
surface of clumped platelets and fills a channel (C) penetrating into one of the cells. One granule (G) is in direct continuity with the channel, 
and another adjacent to it is unstained. (Original magnification x28,000.) Fig9. Thrombin-activated platelet (1 U/mL, three minutes). 
Little evidence of shape change is apparent in this cell. Microtubules are still evident at the platelet periphery and adjacent pseudopods. 
One granule (1) stained by tannic acid appears unconnected to the cell surface, another organelle (2) is very close to it, and a third (3) is 
open to the surrounding medium. Serial sections of this cell (not shown) reveal that organelles 1 and 2 are also directly connected to the 
platelet surface. (Original magnification x34,000.) Fig 10. Thrombin-activated platelets (5 U/mL. one minute). The microtubules (MT) 
in this cell are in three separate groups. One granule (1) is filled with stain and appears unconnected to the cell surface. However, it 
must be connected above or below the plane of section to the surface membrane in order to take up tannic acid. Another granule (2) is 
connected to the cell surface, and its contents appear to be in the process of extrusion. (Original magnification 30,000.) Fig 
11. Thrombin-activated platelet (5 U/mL, one minute). Every pseudopod (f) extending from this platelet or adjacent cells contains 
microtubules. A granule filled with tannic acid—stained material appears to be in the process of discharge from the platelet. (Original 
magnification x 30,000.) Fig12. Thrombin-activated platelet. This cell appears to have reacted maximally to thrombin stimulation. All 
of the granules appear to have fused with the cell surface and discharged their contents to the exterior. Tannic acid—stained material most 
likely represents granule contents fixed in situ during extrusion. The dense spot remaining in the cell center is a contracted gel (CG) of 
actomyosin. Microtubules fill adjacent pseudopods ( t). (Original magnification x 24,000.) 
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Fig 13. Thrombin-activated platelet (1 U/mL, five minutes). The cell contains small and large unstained granules (G) and a dense body 
in its cytoplasm. A small granule (1) stained with tannic acid is in direct continuity with a fragile-appearing channel (C) connected to the 
surface membrane. (Original magnification x 28,000.) Fig 14. Thrombin-activated platelet (3 U/mL, five minutes). Dense bodies (DB) 
and unstained small and large granules fill the cell cytoplasm. A large granule heavily stained by tannic acid is in direct continuity with a 
channel (C) that undergoes branching. One branch burrows deeper into the platelet cytoplasm, and the other is connected to the cell 
surface. (Original magnification x28,000.) Fig 15. Thrombin-activated platelet (5 U/mL, one minute). Several channels (C) or empty 
granules have scalloped the cell membrane. Fine canaliculi (1) stained by tannic acid extend from the surface deeper into the cytoplasm. 
One of them connects to a stain-filled granule (G). (Original magnification x 28,000.) Fig 16. Thrombin-activeted platelet (5 U/mL, one 
minute). The cell in this example is irregular with many pseudopods. A granule communicates with the cell membrane on one side of the 
cell and discharges its contents to the exterior. A channel (C) from deep in the cytoplasm communicates with the surface on the other side. 
Tannic acid-stained material fills the channel and has been fixed in the process of extrusion from the cell. (Original magnification 
x 28,000.) Figs 17 and 18. Serial sections of a thrombin-activated platelet. The cell has at least two sites (1) on the surface where 
tannic acid-stained granule material is in the process of discharge. Two of the tannic acid—stained granules (G) appear to communicate 
with a channel at the edge of the contracted gel (CG) of actomyosin. A small fragment of a channel (C) filled with tannic acid is buried in the 
contractile gel in Fig 17 and extends to the cell surface in Fig 18. (Original magnifications x 26,000, Fig 17; x 26,000, Fig 18.) 


tannic acid into granules was not clear, However, it must be 
related to the action of thrombin because connections were 
not evident in control platelets. The discharge of stained 
granule contents from thrombin-activated platelets appeared 
to follow two routes. Most of the granules close to the surface 
fused with the membrane and secreted directly to the outside 
medium (Figs 9 to 12). Some examples suggest that granule 


products are actively extruded (Figs 10 to 12). Internal 
contraction leading to the formation of dense spots of 
contractile gel in thrombin-activated bovine platelets may 
provide the force for expulsion (Fig 12). 

In addition to demonstrating the interaction between 
granules and the surface membrane in thrombin-activated 
bovine platelets, tannic acid staining also revealed the devel- 
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opment of a primitive channel system in activated cells (Figs 
13 to 20). The suggestion that channels were newly devel- 
oped came from observations made on replicas of freeze- 
fractured platelets. Apertures of the OCS onto the surface 
membrane of resting and activated human platelets were 
rarely seen on discoid bovine cells (Fig 3). They were 
regularly present, however, following exposure of bovine 
platelets to thrombin (Fig 5). In thin sections of tannic 
acid—stained bovine platelets, electron-dense product pene- 
trated into fragile channels extending for variable distances 
into the cytoplasm. Communication between stain-filled 
channels and granules was easily identified. The channels 
appeared fragile and lacked the tortuosity and extensive 
distribution of the OCS in human platelets (Fig 20). Chan- 
nels were also apparent in replicas of thrombin-stimulated 
bovine platelets (Figs 6 and 21 to 24). Some branching was 
noted in replicas, but, in general, the channels were very 
simple structures. 


DISCUSSION 


The present investigation has used ultrastructural tech- 
niques to search for the secretory pathway in bovine plate- 
lets. Cattle cells resemble human platelets closely.'"'* Rest- 
ing platelets from both species have a characteristic discoid 
shape supported by a circumferential microtubule. The 
cytoplasm of human and bovine platelets is filled with 
secretory organelles including dense bodies and alpha gran- 
ules. Mitochondria and glycogen particles are common in 
both cells. There are significant differences, however.'’'* 
Bovine platelets are slightly smaller than human cells and 
more elliptical in form. Dense bodies are less frequent, and 
the granules are two to three times larger than comparable 
organelles in human platelets. Granules in cattle platelets 
often appear to impinge on the surface membrane, whereas 
this close relationship does not occur in cells from 
humans.'*"* 

The major difference between human and bovine cells lies 
in the membrane systems. An extensive system of channels 
communicating with the surface membrane and with each 
other is a characteristic feature of human platelets. 7- 
Zucker-Franklin and her colleagues used an electron-dense 
tracer, cationized ferritin, and freeze-fracture to demon- 
strate that bovine platelets lack the surface-connected 
OCS.” Examination of tannic acid—stained platelets and 
replicas of freeze-etched cells in this study confirmed the 
absence of a definitive OCS in resting cells from cattle. 

The findings suggested that the bovine platelet could serve 
as a useful model to resolve conflicting concepts regarding 
the mechanism of platelet secretion. A search for the 
secretory pathway of activated human platelets had shown 
that granules fuse with channels of the OCS and are 
extruded from the cell through these conduits during platelet 
shape change and internal contraction.”'*!’ Other workers 
reached a different conclusion. Ginsberg et al'® used immu- 
nocytochemistry and electron microscopy to follow secretion 
in human cells. Centrally concentrated organelles in stimu- 
lated platelets fused together to form closed sacs. The sacs of 
secretory products migrated to the platelet surface, attached 
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to the membrane, and extruded their contents to the out- 
side. 

Since bovine platelets lack the OCS, the concept of 
secretion in which granules fuse with channels and use the 
canaliculi for discharge of products did not seem reasonable 
for cattle cells. Some variation of the hypothesis proposed by 
Ginsberg and colleagues'* would seem more tenable. How- 
ever, the movement of granules toward platelet centers that 
precedes their intimate association and possible fusion into 
closed sacs occurs infrequently in bovine platelets." 

In the present study thrombin-induced aggregation and 
activation of bovine cells caused shape change, pseudopod 
formation, and the development of stickiness, responses 
closely resembling those of human cells. The internal reac- 
tion of cattle platelets, however, was quite different. Central 
movement of randomly dispersed organelles and their inclu- 
sion within tight-fitting rings of microtubules and microfila- 
ments, a regular feature of stimulated human cells,>'*" 
occurred rarely in bovine platelets. Instead the microtubule 
coil appeared to remain peripherally located or fractured 
during shape change, which resulted in random bundles in 
the cytoplasm and one to several polymers in each spikelike 
pseudopod. Granules remained dispersed and close to the 
inside surface of the cell membrane in thrombin-activated 
and -aggregated bovine platelets. 

Examination of freeze-fractured bovine platelets after 
exposure to thrombin revealed a marked change from resting 
cells. Dimples indicating sites of communication between 
channels of the OCS and the surface were virtually absent 
from discoid platelets.” However, pinpoint depressions, 
slightly smaller than the openings of the OCS on human 
platelets, were present on nearly every activated bovine 
platelet. Short invaginations resembling channels communi- 
cating with the surface membrane were present in the 
cytoplasm of freeze-fractured bovine platelets prepared after 
exposure to thrombin. 

Tannic acid staining of thrombin-aggregated and -acti- 
vated platelets also revealed dramatic changes from the 
appearance of resting bovine platelets. Electron-dense stain 
was deposited in many organelles with the size and shape of 
granules in activated cells. Some of these were in direct 
continuity with the irregular platelet surface. Other stained 
organelles were connected to the cell wall and to each other 
by narrow channels filled with electron-dense material. In 
many examples the stain appeared to catch granule products 
fixed during the process of extrusion from thrombin-stimu- 
lated bovine platelets. 

The close relationship between the large granules and the 
surface membrane of bovine platelets would seem to obviate 
the need for OCS channels found in platelets from humans, 
pigs, rats, whales, horses, rabbits, and other species. It is 
surprising, therefore, that bovine platelets either have a few 
elements of OCS invisible in resting cells or develop them 
during shape change and internal contraction, Electron- 
dense stain entered channels communicating with the sur- 
face in activated platelets. The channels were narrow, com- 
pared with elements of the OCS in human cells, and usually 
short and unbranched. Some, however, extended far into 
platelet cytoplasm to form a direct connection to stain-filled 
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Fig 19. Thrombin-activated platelet (5 U/mL, five minutes). A fully transformed platelet is evident in this illustration. Shape change 
and contraction of actomyosin gel into a dense spot are advanced. At least two channels contain tannic acid—stained residue. which 
Suggests that they are granules or carry granule products to the surface. (Original magnification x25,000.) Fig20. Thrombin-activated 
human platelet (3 U/mL, three minutes). This cell has been exposed to the same conditions as bovine acells in the present study. A channel 
of the OCS in continuity with the surface membrane is dilated by tannic acid—stained material. The tortuous channels are connected 
directly to at least two granules (G), which are also stained by tannic acid. The constricted microtubule (MT) coils are cut in cross section in 
this example. (Original magnification x23,000.) Fig 21. Replica of thrombin-activated bovine platelet (3 U/mL, one minute). A fine 
channel (') extends from the surface of the stimulated cell deep into the cytoplasm. (Original magnification «28,000.) Fig22. Replica 
of thrombin-activated platelet (3 U/mL, one minute). Two short channels (1) are evicently extending inward from the surface membrane of 
the activated cell. (Original magnification x30,000.) Fig 23. Replica of thrombin-activated platelet (3 U/mL, one minute). Two small 
channels (') appear to connect granules to the cell surface on the left. On the right. a channel (C) with two openings on the surface may 
provide a pathway for secretion of some granule products. (Original magnification 28,000.) Fig 24. Replica of thrombin-activated 
platelet. One edge of this cell has three openings (1) into a single channel of the OCS, which extends deeper into the cytoplasm close to a 


granule (G). (Original magnification x 30,000.) 


granules. It is possible that the channels developed in acti- 
vated platelets were the result of infoldings or creases in the 
membrane or a collapse of granule walls following secretion 
of their contents. However, except for the extensive distribu- 
tion of the OCS in human cells and the tortuosity and 
interconnection of the canaliculi, the appearance of the 
channels and relationship to granules and the cell membrane 
in bovine platelets were quite similar. 

Thus, the difference in the mechanism of secretion in 


bovine compared with human cells is not as great as it might 
at first seem. Bovine platelets do not have a well-defined 
OCS. As a result, they use the surface membrane as the 
primary route for discharge of products from secretory 
granules. Human platelets have an extensive system of 
internalized surface membrane formed into channels of the 
OCS. It is used as the primary route of secretion in human 
cells. Bovine platelets can develop primitive canaliculi fol- 
lowing activation, and granule products may leave the cell 
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through these conduits. Yet it uses the cell surface as a 
preferential route for exocytosis. The basis for the species 
variations in platelet structure that result in different pre- 
ferred routes for secretion of granule products remains 
unknown. 
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Expression of the Human Monocyte Membrane Antigen gp55 
by Murine Fibroblasts After DNA-Mediated Gene Transfer 


By Richard A. Ashmun, Stephen C. Peiper, Matthew B. Rebentisch, and A. Thomas Look 


Human DNA sequences that contain the gene encoding 
gp55, a cell surface glycoprotein expressed exclusively on 
mature human monocytes and monocytic leukemia cells, 
were isolated in a mouse genetic background. DNA from 
mature human monocytes was cotransfected with DNA 
from a molecularly cloned feline sarcoma virus containing 
the v-fms oncogene into NIH-3T3 celis. Transformed 
mouse fibroblasts that expressed gp55, based on their 
reactivity with the MY4, B44.1, or LeuM3 monoclonal 
antibodies, were selected by fluorescence-activated cell 
sorting. Regardless of which antibody was used for selec- 
tion, equivalent binding of all three antibodies was 
observed for positive transformants. Secondary and ter- 
tiary mouse celf transformants were obtained after addi- 
tional rounds of transfection and cell sorting with the use 
of DNA from primary and then secondary transformants. 
Southern blot analysis of the cellular DNA from two inde- 


ANY MONOCLONAL ANTIBODIES recognize 
epitopes on the surface of mature cells of the mono- 
cyte-macrophage lineage’ and therefore have proved valu- 
able for studying normal mononuclear phagocytes and their 
malignant counterparts. With few exceptions, the functions 
of cell surface antigens recognized by these reagents are 
unknown, but it is reasonable to speculate that such mole- 
cules participate in key cellular activities mediated by mono- 
cytes such as antigen processing or cell-mediated cytotox- 
icity, 

One of the monocyte-specific monoclonal antibodies, 
MY 4, precipitates a 55-kilodalton (kd) cell surface glycopro- 
tein (gp55) that is present on monocytes, macrophages, and 
cells from patients with acute monocytic or myelomonocytic 
leukemia.?* At least two other monoclonal antibodies includ- 


reactivity and immunoprecipitate proteins with similar 
apparent molecular weights. None of these antibodies reacts 
with lymphocytes, lymphoid leukemia cells, platelets, or 
erythrocytes. The antigen recognized by AML-2-23 was 
shown to be a glycoprotein secreted by cultured human 
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pendently derived tertiary subclones revealed a limited 
complement of human sequences, thus indicating that the 
gene encoding gp55 is included in fewer than 50 kilobases 
of human DNA. independently derived tertiary subclones 
displayed concordant patterns of reactivity with 13 mono- 
cyte-specific monoclonal antibodies, thus indicating that 
each recognized an epitope on the product (gp55) of a 
single human gene. The 55-kilodaiton cell surface polypep- 
tide was specifically immunoprecipitated with a represen- 
tative monoclonal antibody, 26if, from lysates of enzymati- 
cally radioiodinated peripheral blood monocytes and 
tertiary transformants. We conclude that gp55 is highly 
immunogenic and that a large number of independently 
derived monocional antibodies specific for human mono- 
cytes react with epitopes on this one molecule. 

e 1987 by Grune & Stratton, lac. 


monocytes and by HL-60 cells mduced to differentiate along 
the monocyte lineage, thus suggesting that it may represent 
an as-yet-uncharacterized monokine.” 

We recently used DNA-mediated gene transfer and cell- 
sorting techniques to isolate and molecularly clone the gene 
encoding a myeloid cell surface giycoprotein, gp!50.''""° 
Mouse NIH-3T3 cells were cotransfected with high~molecu- 
lar weight human cellular DNA and DNA from cloned feline 
sarcoma virus containing the v-fms oncogene. The v-fns- 
transformed cells that expressed gp150 were selected by 
fluorescence-activated cell sorting of transformed cell popu- 
lations stained with a monoclonal antibody specific for the 
antigen. Antigen-expressing primary transformants isolated 
in this way typically containec approximately 1,500 kilo- 
bases (kb) of human DNA.'* Successive rounds of cotrans- 
fection and cell sorting permitted the isolation of transfor- 
mants that contained limited human DNA sequences, 
including those that encoded gp! 50. 

Capitalizing on these metheds, we have now isolated 
transformed mouse cell populations that express gp55 and 
display concordant reactivities with each of 13 distinct 
monoclonal antibodies. Independently derived tertiary sub- 
clones shown to express gp55 contained a limited subset of 
human DNA sequences, which indicated that the epitopes 
recognized by our panel of antibodies were restricted to a 
product of a single human gene. 


MATERIALS AND METHODS 


Isolation of peripheral blood leukocyie fractions enriched for 
monocytes, lymphocytes, and granulocytes, Heparinized periph- 
eral blood was obtained by venipuncture from normal adult volun- 
teers with their informed consent. Mononuciear cell fractions were 
selected after centrifugation in Ficoll-Hypaque (Pharmacia Fine 
Chemicals, Piscataway, NJ) as described by others.'*'° To separate 
adherent from nonadherent cells, the mononuclear fraction was 
washed once in Hanks’ balanced salt solution (HBSS), resuspended 
in RPMI 1640 supplemented with 5% fetal calf serum (FCS), and 
incubated at 37°C for two hours im plastic tissue culture flasks. 
Adherent cells were removed from the flask by scraping after 
incubation for five minutes at 37 °C in 3 mL of 10 p g/mL buffered 
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trypsin (GIBCO, Grand Island, NY). Nonadherent cell fractions 
typically contained >90% lymphocytes, with the remainder consist- 
ing of monocytes as determined by microscopic examination of 
Cytospin slide preparations. Adherent cell fractions included 50% to 
90% monocytes and contaminating lymphocytes. 

Erythrocytes and granulocytes in the Ficoll-Hypaque pellet were 
resuspended in an equal volume of 0.4% Dextran T-500 (Sigma 
Chemical Co, St Louis) in HBSS and allowed to sediment for one 
hour on ice at unit gravity. The granulocyte-rich supernatant was 
withdrawn and washed twice in hypotonic lysis buffer consisting of 
10 mmol/L KHCO, (pH 7.4), 155 mmol/L NH,CIi, and 0.1 
mmol/L EDTA to lyse residual erythrocytes. The remaining cells, 
typically >90% granulocytes as determined by morphological analy- 
sis of cytospin preparations, were resuspended in RPMI 1640 
medium with 5% FCS. 

Transfection of high-molecular weight DNA. DNA from the 
cloned McDonough strain of feline sarcoma virus containing the 
v-fms gene” was mixed with 5 ug of sheared cellular DNA (ten 
passages through a 25-gauge needle) and cotransfected into NIH- 
3T3 cells after precipitation with calcium phosphate as previously 
described.'''? Foci of transformed cells in multiple flasks were 
counted after ten days, allowed to overgrow the contact-inhibited 
untransformed NIH-3T3 cells, removed with trypsin, and pooled 
into groups for fluorescence-activated cell sorting. Control plates of 
NIH-3T3 cells were transfected with NIH-3T3 DNA alone and 
with donor DNA alone. 

Monoclonal antibodies. A panel of monoclonal antibodies (Ta- 
ble 1) was used to detect epitopes on the surface of human 


Table 1. Panel of Myeloid-Related Monoclonal Antibodies 


Immunoglobulin Reported 
Antibody isotype Molecular Mass (kd) Reference 
Antibodies that recognized gp55 on sorted transformants 
MY4 igG2a 55 2 
B44.1 IgM NR 18 
LeuM3 igG2b NR 19 
63D3 IgG1 200 20 
26if igG2b 55 6 
AML-2-23 igG2b 50-52 8 
FMC 1? igG2b NR 21 
MOS 1 igG2a NR 19 
MOP 39 igG2a NR 19 
77of IgG 55 22 
23b igG1 55 22 
49a igM 55 22 
60bd igG1 55 22 


Antibodies that did not recognize gp55 on sorted transformants 


Mo1 IgM 94,155 5 
Mo2 IgM 55 5 
Mo4 IgM 100 23 
Mo5 igG2a 94 24 
MY7 IgG1 150 2 
MY9 igG2b 67 25 
12inl igG1 55 22 
UCHM 1 igG2a 52 26 
VIM 13 IgM NR 27 
6103 igG1 75 20 
5F1 IgM 85 28 
20.3 IgM NR 29 
LeuM2 igG2b 120 30 





Abbreviation: NR, not reported. 
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monocytes. The monoclonal antibodies MY4, B44.1, and LeuM2 
were used to stain transformed recipient NIH-37T3 ceils by fluores- 
cence-activated cell sorting. Transformed cell populations selected 
with one of the antibodies were tested for reactivity with the entire 
panel. Antibodies Mol, Mo2, MY4, MY7, and MY9 were purchased 
from Coulter Immunology (Hialeah, FL). Antibodies LeuM3 and 
LeuM2 were purchased from Becton Dickinson Immunocytometry 
Systems (Mountain View, CA). Antibodies 61D3 and 63D3 were 
purchased from Bethesda Research Laboratories (Gaithersburg, 
MD). All other antibodies were gifts from the investigators who 
derived them. In addition, the monoclonal antibodies W6/32 (Accu- 
rate Chemical and Scientific Corp, Westbury, NY) and 12 (Coulter 
Immunology), specific for human HLA class | and class H mole- 
cules, respectively, were included in the test panel. Mouse myeloma 
protein UPC10 (igG2a; Litton Bionetics, Kensington, MD) was 
used as a control for nonspecific binding. 

Flow cytometry. Cell cultures were washed with Ca* -MG +- 
free phosphate-buffered saline (PBS) and treated with 3 mL of 10 
ug/mL buffered trypsin (GIBCO) for five minutes at 37°C to 
release the adherent cells. The cells were collected, centrifuged, and 
resuspended in staining medium (Dulbecco’s modified Eagle’s 
medium with 5% FCS, 6 mmol/L L-glutamine, 10 mmol/L HEPES, 
and 2 mmol/L sodium azide). Aliquots of 50 ul. containing | x 10° 
cells were washed once in the same medium and incubated for 30 
minutes on ice with 50 uL of medium that contained a titered excess 
of monoclonal antibody. After two washes, the cells were incubated 
for 30 minutes on ice in 50 ub of medium containing a titered excess 
of affinity-purified, fluorescein-conjugated goat antibody to mouse 
immunoglobulins G and M (Tago Diagnostics, Burlingame, CA). 
The cells were then washed twice and resuspended at 2 x 10° 
cells/mL in medium containing 0.25 mmol/L propidium iodide. 

Transfected cells were analyzed and sorted with an EPICS 753 
flow cytometer (Coulter Corporation, Hialeah, FL) as previously 
described.'' Briefly, the brightest 2% to 4% of cells were sorted, 
grown to confluence, and resorted until a population of cells positive 
for antibody binding was isolated. The brightest 10% to 15% of 
fluorescence-positive cells were sorted several more times to enrich 
for transformed cells exhibiting the highest density of antigen 
expression. Subpopulations of peripheral blood leukocytes were 
analyzed by flow cytometry following simultaneous gating on both 
forward-angle and orthogonal light scatter from the cells. Fluores- 
cence profiles were obtained from monocytes within the adherent 
cell fraction and from lymphocytes within the nonadherent cel] 
fraction. 

Southern blot analysis. Cellular DNAs were digested with the 
restriction endonucleases BamHI, EcoRI, Hindili and Sael. 
Digested DNA was subjected to electrophoresis in 0.8% agarose gels 
and transferred to nitrocellulose.’ A probe specific for human 
repetitive DNA sequences was prepared by self-annealing of boiled, 
sonicated human lymphoblastoid cell line DNA toa Cyt of 2 (where 
C, is the concentration of DNA in moles of nucleotide per liter and t 
is the time in seconds”). Hybridization was performed at 60 °C ata 
monovalent cation concentration of 1.0 mol/L, and the double- 
stranded DNA was recovered by fractionation on hydroxylapatite.~ 
Human repetitive DNA was labeled to a specific activity of 1 x 10° 
dpm/ug by nick translation”? and used in blot hybridization under 
stringent annealing conditions.* 

Immunoprecipitation studies. Confluent flasks of transformed 
NIH-3T3 cells or adherent peripheral blood mononuclear cells were 
washed twice with cold PBS and incubated for 20 minutes at room 
temperature in | mL of PBS containing 5 mmol/L glucose, 3 xg 
lactoperoxidase, 5 mmol/L glucose oxidase (Sigma) and 1.0 mCi 
Na'™ I (Amersham Corp, Arlington Heights, IL}. Labeled cells 
were washed twice with PBS and lysed in 100 mmol/L Tris-HCI 
buffer (pH 7.6) containing 150 mmol/L NaCl, 20 mmol/L EDTA, 
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1% Triton X-100, 1% deoxycholate (DOC), 0.1% sodium dodecyl 
sulfate (SDS), 2% aprotinin (Sigma) and | mmol/L phenylmethyl- 
sulfonyl fluoride. Immunoprecipitation was performed as previously 
described'' with rabbit antimouse immunoglobulin and protein 
A-Sepharose CL-4B (Pharmacia) used as the immunoabsorbent. 
Gel electrophoresis was performed under either nonreducing or 
reducing conditions on 10% SDS—polyacrylamide gels.” The molec- 
ular weights of the precipitated bands were estimated from the 
mobilities of known molecular weight standards (Sigma). 


RESULTS 


DNA-mediated gene transfer. High~molecular weight 
cellular DNA from normal human peripheral blood mono- 
cytes was cotransfected into mouse NIH-3T3 cells together 
with a plasmid containing the molecularly cloned v-fms gene 
from the McDonough strain of feline sarcoma virus. Cells 
expressing the v-fms—transforming gene were allowed to 
overgrow contact-inhibited NIH-3T3 cells, typically forming 
250 to 750 discrete foci of morphologically transformed cells 
per 100 nanograms of cloned v-fms DNA. The transformed 
NIH-3T3 cells were subjected to sequential rounds of fluo- 
rescence-activated cell sorting to select those cells that bound 
the monoclonal antibodies MY4, B44.1, or LeuM3. The cells 
with the brightest fluorescence (top 2% to 4%) were sorted 
and grown to confluence; this procedure was repeated three 
to six times to isolate rare cells expressing human monocyte 
antigens (Fig 1). Positive cells showed equivalent binding of 
each of the three monoclonal antibodies, regardless of which 
antibody was used to select the positive cell population. As a 
control, one of the original populations of transfected cells 
was sorted with the monoclonal antibody W6/32, which 
recognizes human histocompatibility class I antigens.’ Five 
successive rounds of sorting produced a cell population 
positive for W6/32 binding that did not bind any of the other 
monoclonal antibodies tested. 

DNA was extracted from primary transformants selected 
for binding of B44.1 and again cotransfected with v-fms into 
NIH-3T3 cells. After three successive rounds of sorting with 
the monoclonal antibody B44.1, fluorescence-positive sec- 
ondary transformants were isolated. DNA from secondary 
transformants was cotransfected with v-fms in three inde- 
pendent tertiary rounds of transfection. Pooled cells from 
each tertiary transfection were sorted after staining with 
either MY4 or B44.1. Three independently derived fluores- 
cence-positive tertiary cell populations were isolated and 
plated in soft agar. Subclones derived from the resulting 
colonies were tested with an extensive panel of monocyte- 
specific monoclonal antibodies (Table 1) and demonstrated 
positive binding with ten reagents in addition to MY4,B44.1, 
and LeuM3 but not with 13 others (Fig 2). Concordant 
binding of these 13 monoclonal antibodies by independently 
derived, tertiary NIH-3T3 subclones indicated that these 
antibodies recognize epitopes on the product of a single 
human gene. 

Southern blot analysis of human DNA in transformed 
mouse cells. Cellular DNAs from a primary transformant 
and two independently derived tertiary subclones were ana- 
lyzed for the presence of human repetitive DNA sequences. 
The DNAs were digested with BamHI, EcoRI, Hind Il, and 
Saci and analyzed by Southern blotting. As shown in Fig 3, 
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Fig 1. Selection of mouse NIH-3T3 cell transformants 
expressing the human monocyte membrane antigen recognized by 
the monoclonal antibody MY4. in each plot the fluorescence profile 
recorded after staining with MY4 (solid line} was compared with 
the fluorescence profile obtained with control mouse myeloma 
protein (dotted line}. In panel A, pooled transformed NIH-3T3 cells 
were analyzed following cotransfection with human monocyte 
DNA; the fluorescence profile resulting from staining with MY4 
was identical to the control profile. The brightest 2% of ceils were 
selected by sterile sorting, grown up, and resorted. After two 
successive sorts. approximately 45% of the celis displayed high 
levels of MY4 fluorescence (B). After a fourth sort. >98% of the 
cells expressed the human monocyte cell surface antigen recog- 
nized by MY4 {C}. 


mouse NIH-3T3 DNA did not hybridize to the human 
repetitive sequence probe, whereas DNA from a primary 
transformant (lane 1) showed a diffuse hybridization pat- 
tern. In contrast, discrete human restriction fragments were 
shared by the two independently derived tertiary transfor- 
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Fig 2. Analysis by flow cytometry of cell surface binding by 
human monocyte-specific monoclonal antibodies to a cloned tər- 
tiary NIH-3T3 transformed cell population. Positive fluorescence 
profiles were obtained after staining of a representative subcione 
with monoclonal antibodies MY4 (-——), B44.1 (.--—---), LeuM3 
(——}, 261F (—-—--}, AML-2-23 (—-—-), and 63D3 (--—-—). 
Similar positive profiles were observed after staining with FMC17, 
MOS1, MOP39, 77of, 23b, 49a, and 6GObd. Staining with all other 
antibodies in the panel (Table 1) resulted in negative fluorescence 
profiles identical to that obtained with control mouse myeloma 
protein (----). 


mants. Analysis of the sizes of the shared human restriction 
fragments indicated that the gene encoding gpS5 must be 
equal to or less than 50 kb. 

Analysis of the gp55 gene product. Figure 4 demon- 
strates that a representative monoclonal antibody, 26if, 
specifically immunoprecipitated a polypeptide common to 
lysates of either normal human adherent peripheral blood 
mononuclear cells or one of the tertiary transformants. A 
second, weakly labeled polypeptide with a slightly lower 
molecular weight was also precipitated from lysates of 
tertiary transformants. The electrophoretic mobility of the 
major polypeptide was greater on nonreducing gels (63 kd, 
Fig 4) than on reducing gels (55 kd, analysis not shown). 
NIH-3T3 cells that were transformed by v-fms alone did not 
yield any specifically immunoprecipitated products (analysis 
not shown). 

Monoclonal antibodies that reacted with transformed 
mouse cells expressing gp55 were also tested for reactivity 
with subpopulations of normal human peripheral blood leu- 
kocytes. Although these antibodies all recognize gp55 epi- 
topes on transfected cells and human monocytes, their bind- 
ing patterns with granulocytes and myeloid precursors are 
reportedly different. The six antibodies in our panel that 
were tested showed similar patterns of reactivity (Fig 5). 
Each reacted with gp55 expressed at high density by mono- 
cytes but did not bind to lymphocytes. Granulocytes consis- 
tently bound gp55-specific antibodies at much lower levels 
than did monocytes, but the binding was specific and signifi- 
cantly greater than that observed with a control mouse 
myeloma protein. 
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DISCUSSION 


DNA-mediated gene transfer and cell-sorting techniques 
were used to isolate human DNA that included the gene 
encoding the monocyte-specific cell surface glycoprotein 
gp55. Southern blot analysis detected a limited complement 
of human DNA sequences shared by two independently 
derived tertiary mouse cell transformants, thus indicating 
that the gene encoding gp55 comprises fewer than 50 kb of 
human DNA. Concordant binding with each of 13 separate 
monoclonal antibodies indicates that each of these antibodies 
binds an epitope of gp55. 

The presence of bona fide gp55 on transformed mouse 
cells was verified by immunoprecipitation with monoclonal 
antibody 26if, which precipitated proteins of identical size 
from radiolabeled plasma membranes of normal adherent 
mononuclear cells or the tertiary transformants. The pres- 
ence of an additional, less efficiently labeled band of slightly 
lower molecular weight in lysates of monocytes and tertiary 
transformants suggests that a small fraction of cell surface 
gp55 molecules may have altered or incomplete posttransla- 
tional modification, the exact nature of which is unknown. 
The electrophoretic mobility of the major precipitated poly- 
peptide on reducing gels (55 kd) agrees with published 
reports of a 55-kd glycoprotein immunoprecipitated by 
My4, a 50- to 66-kd glycoprotein by AML-2-23,’ and a 
55-kd glycoprotein by 26if,° but conflicts with accounts of a 
200-kd protein precipitated by 63D3,™ In our experiments, 
the antibodies LeuM3, 63D3 and FCM17 failed to yield 
specific immunoprecipitable products. 

The binding specificities observed in this study are also 
strikingly similar to those reported for Mo2, which specif- 
cally immunoprecipitates a 55-kd glycoprotein from mono- 
cytes under reducing conditions.” Additionally, Todd” has 
shown that antibodies 26if, 77of, 60bd, and 49a, 23b, and 
12Inl all competitively block binding of directly fluores- 
ceinated Mo2 to monocytes. The lack of Mo2 binding to our 
tertiary transformants suggests that Mo2 might recognize an 
epitope that results from a posttranslational modification of 
monocyte gp55, which is altered in mouse cell transformants. 
Alternatively, Mo2 and 121nl might react with the product 
of another gene that assembles noncovalently with gp55 at 
the cell surface. 

Reported experience with the 13 monoclonal antibodies 
that detected gp55 on our transformed cells indicates that all 
of the reagents bind to monocytes, with variable binding to 
granulocytes and none to lymphocytes. Accordingly, six 
gp5S-specific antibodies that we tested (MY4, LeuM3, 
63D3, 26if, B44.1, and AML-2-23) displayed strong specific 
affinity for peripheral blood monocytes as well as back- 
ground levels of binding to lymphocytes and uniform but 
weak binding to granulocytes. These antibodies were previ- 
ously reported to stain myeloid leukemia cells with mono- 
cytic morphology, consistent with their specificity for mono- 
cytes in populations of circulating leukocytes." 

The expression of gp55 by mature monocytes and macro- 
phages suggests the possibility that it may mediate one of the 
diverse functional roles of these cells. Sorted 63D3-positive 
or 26if-positive cells from peripheral blood have been asso- 
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Fig 3. Southern blot analysis of human DNA sequences in transformed mouse cells. DNA samples were digested with the indicated 
enzymes before electrophoresis and transfer to nitrocellulose. Hybridization was performed by the use of radiolabeled human DNA 
consisting of highly reiterated sequence families. The lanes shown were composed from the same blot. DNA samples were obtained from a 
primary transformant (lane 1), control NIH-3T3 celis (lane 2), and two independently derived tertiary subclones (lane 3, 5, 7, 9 and lanes 4, 
6. 8. 10, respectively). Major restriction fragments present in both tertiary subclones are indicated by triangles. The positions of 
bacteriophage lambda Hindili fragments of known length (noted in kilobase pairs) are indicated to the left of the figure. 
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Fig 4. Immunoprecipitation of gp55 from normal human 
monocytes and from mouse NIH-3T3 tertiary transformants. Cells 
were enzymatically surface radioiodinated with '™™I, detergent 
lysates were precipitated with antibody, and the radiolabeled 
immunoprecipitates ware analyzed by SDS-—polyacrylamide gel 
electrophoresis under nonreducing conditions. Lysates from nor- 
mal human monocytes (lanes 1 and 2) or a tertiary NIH-3T3 
subclone (lanes 3 and 4) were precipitated with monoclonal 
antibody 26if (lanes 1 and 3) or an isotype-matched control mouse 
myeloma protein (lanes 2 and 4). Positions of molecular weight 
standards are indicated. 


ciated with accessory cell function and antigen presentation, 
respectively.°°”’ Maliszewski et al’ concluded that gp55 is 
secreted by cultured monocytes and | ,25-dihydroxyvitamin 
D,—treated HL60 cells that display monocytoid differentia- 
tion and is present in a slightly lower molecular weight form 
(44 to 50 kd) in normal serum.” Thus, gp55 may be a 
polypeptide hormone precursor for a monokine of an as- 
yet-undetermined function. The transfer and expression of 
sequences encoding gp55 in a mouse genetic background 
should facilitate the characterization of this gene and its 
regulation and expression by normal and malignant cells. 
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Fig 5. Flow cytometric analysis of cell surface binding of six 
human monocyte-specific antibodies that recognize epitopes of 
gp55. The fluorescence profiles of human peripheral blood cells 
are displayed after staining of the celis with monocyte-specific 
monoclonal antibodies MY4 (—), LeuM3 (—--—), B44.1 (-.--—}, 
AML-2-23 {—-}. 63D3 (--—-—), or 26if {(—-—-). Fluorescence 
profiles are shown after staining of normai human peripheral blood 
moncytes (A), lymphocytes {B}, or granulocytes (C). In each panel, 
the fluorescence profiles are compared with that obtained with 
control mouse myeloma protein (-- - -). 
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Chronic Myelogenous Leukemia: Amplification of a Rearranged c-ab/ Oncogene 
in Both Chronic Phase and Blast Crisis 


By Steven J. Collins and Mark T. Groudine 


The specific genetic events that distinguish the blast crisis 
from the chronic phase cells of chronic myelogenous leuke- 
mia (CML) are unknown. The most common karyotypic 
change that occurs as CML evolves from chronic phase to 
blast crisis is the development of multiple Philadelphia 
(Ph') chromosomes, each of which is presumably harboring 
a translocated c-ab/i oncogene. We describe here a patient 
with CML who presented in lymphoid blast crisis with 
three Ph' chromosomes/metaphase associated with an 
amplified, rearranged c-ab/ oncogene fragment and high 
levels of the aberrant 8-kilobase bcr-ab/ transcript. This 


HRONIC MYELOGENOUS LEUKEMIA (CML) is 

- a Clonal disorder involving a pluripotent stem cell from 
which granulocytes, erythrocytes, platelets, monocytes, 
macrophages, and B lymphocytes arise.’ Over 90% of cases 
of CML exhibit the Philadelphia chromosome (Ph')(22q—), 
which results from a reciprocal translocation involving the 
distal portions of the q arms of chromosomes 9 and 22 and 
which is the most specific chromosome abnormality asso- 
ciated with any human malignancy. A prominent feature of 
CML is the distinct clinical phases of the illness. The 
relatively benign chronic phase, characterized by hyperpla- 
sia of terminally differentiated granulocytes, inevitably pro- 
gresses to the blast crisis phase in which immature blasts 
predominate and that usually proves lethal. 

Recent observations have provided considerable insight 
into the molecular genetics of the Ph' chromosome formation 
in CML. The c-ab/ oncogene is defined by virtue of its 
homology to v-abl, the transforming sequences of the Able- 
son murine leukemia virus.? In CML, this oncogene is 
translocated from its usual position on the distal end of the q 
arm of chromosome 9 to a relatively restricted region on the 
Ph’ termed the breakpoint cluster region (ber).** As a result 
of this translocation, a hybrid bcr-ab/ transcript is gener- 
ated.’ This abnormally large transcript (8.2 kilobase [kb]) 
probably codes for the abnormally large ab/-related protein 
product (P210) that has been demonstrated in CML cells.’* 
Although the physiological function of the c-ab/ oncogene is 
unknown, these findings indicate that abnormalities in the 
structure and expression of this oncogene may be critical to 
the pathogenesis of CML. 

Several lines of evidence indicate that enhanced expres- 
sion of the altered c-ab/ oncogene may be important in the 
progression of CML from chronic phase to blast crisis. We 
have previously demonstrated that this oncogene is amplified 
some four- to eightfold in the K-562 CML blast crisis cell 
line.” The development of multiple Ph’ chromosomes, each of 
which is presumably harboring a translocated c-ab/ onco- 
gene, is the most frequent karyotypic abnormality that 
occurs as CML evolves from the chronic phase to blast 
crisis.” In addition, enhanced expression of the abnormal 
8.2-kb bcr-abi hybrid transcript is noted in CML blast crisis 
cells v chronic phase cells.'' Thus, one genetic event leading 
to enhanced expression of the translocated c-ab/ oncogene 
during progression of CML from the chronic phase to blast 


Blood, Vol 63, No 3 (March), 1987: pp 893-898 


rearranged c-abi fragment was amplified to a similar 
degree in both the patient's blast crisis ceils and in his 
terminally differentiated granulocytes, but the leve! of the 
aberrant CML-specific bcr-abi transcript was some eight- 
to 16-fold higher in the blast crisis cells v the granulocytes. 
This analysis indicates that genomic amplification of a 
translocated c-ab/ oncogene, although perhaps important 
in the evolution of CML, nevertheless cannot, by itself, be 
the sole genetic event giving rise to blast crisis. 

© 1987 by Grune & Stratton, inc. 


crisis may be an increase in the copy number of the abnormal 
bcr-abl locus. 

Is the enhanced expression of the aberrant 8.2-kb fer-abl 
transcript due solely to the presence of the multiple Ph’ 
chromosomes in certain CML cells? Is the presence of 
multiple Ph’ chromosomes the main genetic change distin- 
guishing CML chronic phase from blast crisis? We have 
been able to approach these questions by using a molecular 
genetic analysis of blast crisis and chronic phase cells from a 
patient with CML who presented in lymphoid blast crisis 
with multiple Ph’ chromosomes /metaphase associated with 
amplification of a rearranged c-ab/ oncogene. Although 
there was a marked difference in the level of expression of the 
aberrant bcr-ab/ transcript in the blast crisis v the chronic 
phase cells, both of these cell types in this patient exhibited 
similar amplification of the rearranged c-ab/ fragment, 
which suggests that both the blast crisis and chronic phase 
cells harbored multiple Ph’ chromosomes. 


MATERIALS AND METHODS 


Case Summary 


The patient was a 42-year-old man who presented with a -month 
history of weight loss, malaise, fatigue, and headaches. His physical 
exam revealed pallor and splenomegaly without adenopathy. A 
complete blood cell count (CBC) revealed a hematocrit value (Het) 
of 29, platelet count of 32,000, and a WBC count of 430,000 with 
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54% blasts, 3% lymphocytes, 4% monocytes, 3% nucleated RBCs, 
10% myelocytes, 3% metamyelocytes (metas), 7% bands, and 16% 
segmented neutrophils (segs). A bone marrow aspirate and biopsy 
sample revealed a marrow packed with over 90% blasts that were 
terminal transferase—positive. Karyotypic examination revealed 52 
XXY, +5, +11, +20, +3 Ph’ in virtually all unstimulated meta- 
phases. In contrast, phytohemagglutinin (PHA)-stimulated meta- 
phases displayed a 46 XY karyotype. Therapy was initiated with oral 
hydroxyurea followed by two 3-week courses of vincristine, predni- 
sone, and Adriamycin. Six weeks following initiation of therapy, the 
patient was noted to be in partial remission with an Hct of 28, 
platelet count of 56,000, and a WBC count of 7,000 with 3% blasts, 
8% lymphocytes, 8% monocytes, 5% nucleated RBCs, 11% myelo- 
cytes, 12% metas, 15% bands, and 38% segs. The patient refused 
further chemotherapy and was discharged. Two months later he 
returned with a peripheral WBC count of 110,000 consisting of 
greater than 90% lymphoblasts. Therapy with oral hydroxyurea was 
reinstituted. 


Cell Separation 


At initial presentation the peripheral blood was diluted 1:1 with 
plain RPMI, layered over isolymph (Gallard/Schlesinger, Carle 
Place, NY), and spun at 1,800 rpm for 20 minutes. The interface 
cells were washed several times in RPMI and upon Wright staining 
were found to consist of over 85% blasts, with the remaining cells 
being predominantly myelocytes and metamyelocytes. The RBC- 
granulocyte isolymph pellet was brought to 25 mL with plain RPMI 
and mixed with 25 mL 3% dextran (1-500) in phosphate-buffered 
saline. The RBCs were allowed to sediment for | to 1.5 hours, and 
the supernate was harvested and the cells pelleted. The contaminat- 
ing RBCs were lysed several times in 0.2% NaCl. The pelleted cells 
were then washed several times in plain RPMI and consisted of 
greater than 95% mature granulocytes. 

After the chemotherapy-induced partial remission, peripheral 
blood was subjected to 3% dextran sedimentation followed by lysis of 
RBCs as described above. These cells consisted of approximately 
70% metamyelocytes, bands, and segs, with the remaining cells 
consisting of mature lymphocytes and monocytes. There were fewer 
than 5% blasts in this cell population. 

At the time of relapse, mononuclear cells were isolated following 
isolymph gradient centrifugation of peripheral blood. This fraction 
consisted of greater than 95% blasts. 


DNA and RNA Extractions 


DNA extractions from the various leukocyte populations were 
performed by digesting nuclei with protease K followed by phenol/ 
chloroform extraction and ethanol precipitation as previously 
described.'' RNA was extracted by homogenizing the cells in 
guanidine thiocyanate followed by ultracentrifugation through a 
cesium chloride cushion as described by Chirgwin et al. Poly A+ 
RNA was selected by using oligo-dT cellulose.” 


Southern, Northern, and Dot Blot Hybridizations 


Restriction endonuclease digestion of genomic DNA was per- 
formed following manufacturer specifications. Southern and North- 
ern blots were made following standard procedures.'* RNA dot blot 
analysis on the total cellular RNA was performed as previously 
described.'' All blots were hybridized to nick-translated probes and 
subsequently washed under exactly the same conditions described 
previously." 


Molecular Probes 


5’ abl. A molecular probe from the 5‘ end of the c-ab/ oncogene 
was cloned from a genomic library constructed from the K-562 
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CML blast crisis cell line. DNA from this cell line was partially 
digested with Sau 3A and fractionated by sucrose density gradient 
centrifugation, and the 15- to 23-kb DNA fragments were isolated. 
This DNA was ligated with Bam-digested EMBL 3 phage vector 
DNA, ard the ligation mixture was packaged in vitro. Approxi- 
mately 530,000 recombinant clones were screened with a nick- 
translated 550-bp Hincll-Smal fragment derived from the pAB! 
sub9 plasmid, which contains a v-ab/ insert. This 550-bp fragment 
represents the most 5’ sequences of v-aé/. Following screening, ten 
positive clones were isolated and purified. One of these clones 
containec a 17-kb genomic insert that exhibited a restriction map 
similar to that of the previously published 5’ end of c-ab/,"’ and from 
this clone a 0.3-kb HindUll-EcoR, fragment free of human repeti- 
tive sequences was isolated and used as a molecular probe. 

Genomic ber probe. A 1.4-kb Bglll-Sst human genomic frag- 
ment rep-esenting sequences within the ber gene that are immedi- 
ately 5’ tc the ber itself? was isolated from a normal genomic library. 
Details of the cloning procedure will be published elsewhere. 

ber cDNA probes. A 2-kb ber cDNA clone was isolated from an 
HL-60 cDNA library screened with the aforementioned 1.4-kb 
Bgill-Sst human genomic ber fragment. A 700-bp Pst fragment 
near the 3’ end of this clone that contains sequences that are 
represented in the normal ber transcript but not in the aberrent 
ber-abl transcript**'” was utilized as a probe designated 3’ bcr. 

Jy A 3.2-kb R,-HindIII genomic probe cloned into pBR 322, 
which encompasses several of the exons within the J, region of the 
immunoglobulin heavy chain locus, was obtained from Dr Roger 
Perlmutter. 

v-abl. This probe is a 1.5-kb Bgill fragment isolated from the 
v-abl insert of the pABI sub9 plasmid. '* 

Actin. The actin probe used is a 2.0-kb chick pA | 8 actincDNA 
Pst fragment.” 

In all cases the probes were purified from their respective vectors 
using the glass bead technique of Vogelstein and Gillespie” prior to 
nick translation and hybridization to the appropriate blots. 


RESULTS 
Cell Harvesting and Separation 


We obtained peripheral blood cells from this patient at 
three different times during the course of his illness including 
{1) at initial presentation, at which time he had a WBC 
count of 430,000 with 54% blasts; (2) during a brief chemo- 
therapy-induced partial “remission” when his peripheral 
count was 7,000 with >70% terminally differentiating gran- 
ulocytes and <5% blasts; and (3) during relapse of blast 
crisis when his peripheral ccunt rose to greater than 100,000 
with over 90% blasts. At initial presentation, we separated 
the immature blast cells from the mature terminally differ- 
entiated granulocytes by isolymph gradient centrifugation as 
described in Materials and Methods. DNA and RNA were 
extracted from these cells as well as from the mature 
granulocytes isolated at the time of partial remission and 
from the immature blasts isolated at the time of relapse. 


Lymphoid Nature of the Blast Crisis Cells 


Many cases of CML blast crisis are B lymphoid in origin 
and exhibit immunoglobulin gene rearrangements,” This 
patient’s blast cells were positive for terminal transferase, 
thus suggesting their lymphoid origin. This was confirmed by 
Southern blot analysis of the blast cell DNA, which revealed 
several extra nongermline bands hybridizing to a heavy- 
chain immunoglobulin joining region probe (J,,) (Fig 1). The 
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Fig 1. Rearrangement of the immunoglobulin heavy-chain 
locus in the CML blasts. Genomic DNA was digested with 8gill, 
electrophoresed in 1.0% agarose, transferred to nitrocellulose, 
and hybridized to a “P-labeled J,, probe specific for the immuno- 
globulin heavy-chain joining region. Samples include CML blasts 
isolated at presentation (lane 1); initial presentation granulocytes 
(lane 2): blasts isolated at relapse (lane 3); HL-60 cells, which 
exhibit the germline pattern (lane 4); and partial remission CML 
celis (lane 5). Rearranged fragments in the CML blasts are 
indicated by arrows. 


identical restriction pattern was seen with this probe in DNA 
from both the blasts at initial presentation and at relapse 
(Fig 1). In contrast, predominantly the germline pattern was 
seen in the granulocyte populations isolated at initial presen- 
tation and during the chemotherapy-induced partial remis- 
sion (Fig 1). Therefore these blots not only reveal the B 
lymphoid nature of the patient’s blasts but also indicate that 
the separated granulocyte fraction is not contaminated with 
any significant number of these blasts. 


RNA Analysis 


RNA from the patient’s blast and initial presentation 
granulocyte populations were subjected to Northern and dot 
blot analysis. The patient's blast cells exhibited the abnormal 
8.2-kb ber-abi hybrid transcript that has been previously 
described in Ph’ chromosome—positive CML cells**'' (Fig 
2). The relative amount of this transcript is quite high and is 
comparable with that found in the K-562 cell line, which 
exhibits a four- to eightfold amplification of the c-ab/ 
oncogene (Fig 2). Although we did not obtain enough 
granulocyte RNA to perform Northern blots, we did note by 
RNA dot blot analysis a marked decrease of at least eight- 
fold in the level of ab/-related transcripts in the granulocyte 
population compared with the blasts (Fig 3). In addition, a 
similar eightfold decrease in the level of bcr-related tran- 
scripts was noted in the granulocyte population v the blasts. 
These results indicate that the level of ber-ab/ hybrid tran- 
scripts is significantly higher in the blasts v the granulocyte 
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Fig2. Enhanced expression of 
the aberrant 8.2-kb bcr-ab/ tran- 
script in the CML biasts. Poly A+ 
RNA (5 ug/line) was electropho- 
resed in a formaldehyde gel, trans- 
ferred to nitrocellulose, and hy- 
bridized to a v-ab/ probe. The ' re, 
normal 7.4- and 6.6-kb transcripts ~ me~ 
as well as the aberrant 8.2-kb tran- i ‘ 
scripts are noted. RNA samples oy 
are from K-562 (lane 1), HL-60 


cells (lane 2), and the patient CML 

blasts (lane 3). 

population in this patient. It is of interest that hybridization 
of this dot blot to a 3’ ber probe, which measures levels of ber 
transcripts from normal chromosome 22 but does not detect 
ber-abl hybrid transcripts, reveals a similar decrease in levels 
of normal bcr transcripts in the granulocyte populations v the 
blasts (Fig 3). As a control, we hybridized these same 
samples to an actin probe that revealed similar levels of 
actin-related transcripts in both (Fig 3). 





c-ab] Rearrangement and Amplification 
in Both Blasts and Granulocytes 


We hybridized Southern blots of restriction digests of 
DNA from patient blasts and initial presentation granulo- 
cyte fractions with a 300-bp R,-HindllIlI c-ab/ probe (probe 
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Fig 3. Enhanced expression of both abi- and bcr-related 
transcripts in the CML blasts (row A) v initial presentation CML 
granulocytes (row B). The indicated quantities of RNA were dotted 
onto nitrocellulose and hybridized sequentially to the indicated 
probes. Between successive hybridizations, probes were removed 
from the blot by the addition of boiling water followed by cooling to 
room temperature with constant rocking. Exposure time was 20 
hours for the v-ab/, ber, and 3' bcr probes and 4 hours for the actin 
probe. The 2-kb bcr cDNA probe recognizes both normal ber 
transcripts as well as bcr-ab/ fusion transcripts. The 700-bp 3 ber 
probe recognizes only normal bcr transcripts. 
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B) located within a 12-kb Bg/II fragment on chromosome 9 granulocyte fractions, this probe hybridizes more intensely to 
at the 5’ end of c-ab/ (Fig 4). This probe detected an extra the rearranged BglII fragment than to the germline frag- 
fragment in both the blast and granulocyte DNA digests, ment, which suggests that the rearranged c-ab/ fragment is 
thus indicating that the break on chromosome 9 in this amplified in this patient. We also noted a rearranged and 
patient lies within this 12-kb Bg/II fragment and that both amplified KpnI fragment in genomic digests of blast and 
the blast and granulocyte subpopulations harbor a similar granulocyte DNA hybridized to a chromosome 22 probe 
chromosome 9 breakpoint (Fig 4). In both the blast and (probe A) located just 5’ to the breakpoint cluster region on 
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Fig4. Amplification and rearrangement of abl and bcr sequences in CML blasts and granulocytes. Genetic maps of the bcr region on 
chromosome 22 (A), the 5' c-ab/ region on chromosome 9 (B) and the 9:22 Ph' breakpoint region on the Ph' chromosome in this particular 
patient (C) are shown. These maps were derived from data from references 4, 5, and 17 and from our own mapping data. The approximate 
breakpoints on chromosomes 22 and 9 in this patient have been previously mapped and are indicated by arrows. Probe A is a 1.4-kb 
Bgii-Sst chromosome 22 fragment located immediately 5’ to the breakpoint clustar region (BCR) and hybridizes to a 19-kb Kpn germline 
fragment as indicated in A. Probe B is a 0.3-kb R,-Hindill fragment located in the 5 c-ab/ region of chromosome 22 that hybridizes to a 
12-kb Bgill germline fragment as indicated in B. c-ab/ exons are denoted by ZA. These probes were hybridized to Southern blots of genomic 
digests of CML DNA from patient blasts (lanes 1 and 3) and from initial presentation patient granulocytes (lanes 2 and 4). Lanes 1 and 2 are 
Bgħñi digests; lanes 3 and 4 are Kpn digests. In both blasts and granulocytes probe B identifies the 12-kb germline Sgill fragment as well as a 
rearranged, amplified 7.5-kb fragment as indicated (lanes 1 and 2). Probe A identifies the 19-kb Kpn germline fragment as well as a 
rearranged, amplified 7.8-kb fragment as indicated (lanes 3 and 4). These rearranged fragments are 9:22 junction fragments as indicated in 
C. Densitometric scanning reveals a ratio of rearranged:germiine fragment of approximately 6:1 using probe B (lanes 1 and 2) and 10:1 
using probe A (lanes 3 and 4) in both the blast and granulocyte DNA digests. 





AMPLIFIED ber-abi GENES IN CML 


chromosome 22 (Fig 4). Thus, both ber (chromosome 22) 
and c-abl (chromosome 9) sequences are amplified and 
rearranged in this patient and this amplification/rearrange- 
ment most likely reflects the multiple Ph' chromosomes/ 
metaphase that were demonstrated in this patient’s leukemic 
cells. Notably, with both these probes the ratio of the 
intensity of hybridization of the rearranged to the germline 
fragments is essentially the same when comparing the blast 
and granulocyte DNA digests, thus indicating that the 
rearranged c-ab/ gene is amplified to a similar degree in both 
(Fig 4). 


DISCUSSION 


The recent identification of specific genes that are 
involved in Ph! chromosome formation in CML now allows 
the identification of cells harboring this marker chromosome 
by Southern blot hybridization of restriction digests of 
genomic DNA The major advantage of this technique is 
that metaphases from immature, proliferating cells are no 
longer essential for analysis, since the assay can be per- 
formed with any cellular DNA at any particular level of cell 
differentiation. We utilized this approach to analyze various 
cell populations of a patient who presented with CML in 
blast crisis. Several somewhat unusual aspects of this 
patient’s illness made the analysis particularly useful. At 
presentation there were a significant number of terminally 
differentiating granulocytes in his peripheral blood in addi- 
tion to the lymphoid blast crisis cells, which allowed for 
ready separation of distinct CML cell subpopulations. More- 
over, Southern blot analysis readily distinguished these lym- 
phoid blast crisis cells from the terminally differentiating 
granulocytes, since only the blasts exhibited a rearrangement 
of the immunoglobulin heavy-chain J,, locus. In addition, a 
karyotype analysis of bone marrow blasts in this patient 
revealed three Ph' chromosomes/ metaphase. The breakpoint 
on chromosome 9 that contributed to the Ph’ formation in the 
leukemic cells was relatively close to the v-ab/ homologous 
region such that Southern blots revealed a rearranged c-abl 
fragment utilizing a 5’ c-ab/ probe. (Only 15% to 20% of 
CML patients exhibit a breakpoint this close, with most 
CML chromosome 9 breakpoints occurring much further 5’ 
to the v-ab/ homologous region.)*”’ This rearranged 5’ c-abl 
fragment was amplified in this patient’s blast cells, most 
likely reflecting the presence of the multiple Ph’ chromo- 
somes /metaphase. Thus using this 5’ c-ab/ probe, we were 
not only able to determine the presence of the Ph’ in various 
cell populations but could also, by comparing the intensity of 
hybridization of the amplified, rearranged fragment to the 
germline fragment, estimate the number of Ph’ chromo- 
somes that each isolated cell population harbors. 

We isolated blast crisis cells from this patient at the time 
of initial presentation and at the time of relapse. We also 
isolated terminally differentiated granulocytes at initial pre- 
sentation and during a chemotherapy-induced partial “re- 
mission” when the peripheral blood blast cell population fell 
below 5%. The morphologically immature blasts displayed a 
rearrangement of the immunoglobulin heavy-chain locus 
that indicated a B lymphoid blast crisis, whereas the mature 
granulocytes exhibited a germline immunoglobulin heavy- 
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chain pattern and were therefore representative of chronic 
phase cells. If one of the major genetic events that distin- 
guishes these lymphoid blast crisis cells from the terminally 
differentiated chronic phase granulocytes is the development 
of multiple Ph' chromosomes with concomitant amplifica- 
tion of the rearranged c-ab/ fragment, then one would predict 
that the terminally differentiated granulocytes would not 
display amplification of the rearranged c-abl fragment (ie, 
precursors of these granulocytes display a single Ph’). How- 
ever, our Southern blots show that this is clearly not the case, 
since this rearranged c-ab/ fragment is amplified to a similar 
degree in both the blast and granulocyte cell populations. 
Indeed, these Southern blots indicate that the terminally 
differentiated granulocytes also harbor multiple Ph' chromo- 
somes. Therefore, the development of multiple Ph’ chromo- 
somes per se cannot be the sole genetic event that leads to the 
blast crisis phenotype, and one would predict that there are 
other genetic factors besides multiple Ph' chromosomes that 
distinguish the blast crisis from the chronic phase ceils. 

One potential problem in interpreting our Southern blots 
is that the enhanced hybridization of the ber and abi probes 
to the rearranged fragments may be secondary to preferen- 
tial transfer from the agarose gel to nitrocellulose of the 
smaller, rearranged fragments compared with the larger, 
germline fragments. Indeed since the rearranged ber and abl 
fragments most likely are present on each individual Ph’ 
chromosome, one would predict a ratio of intensity of hybrid- 
ization of rearranged:germline fragment of 3:1 with these 
probes (ie, three Ph' chromosomes/one normal chromosome 
9 or 22/metaphase). However, our densitometric scanning 
indicates a hybridization intensity ratio of 6:1 with the 5$ 
c-abl probe and 10:1 with the ber genomic probe (Fig 4), 
which suggests that there indeed has been preferential 
transfer of the smaller rearranged fragments in these blots. 
However, the important observation is that the hybridization 
intensity ratios of rearranged:germline fragments using both 
abl and ber probes are virtually identical in the blasts (which 
by karyotypic analysis harbor three Ph' chromosomes / 
metaphase) and the chronic phase granulocytes. Thus even 
though preferential transfer of the smaller rearranged frag- 
ments is probably present in these blots, this does not 
interfere with our conclusion that the chronic phase granulo- 
cytes are similar to the blast crisis cells in harboring multiple 
Ph? chromosomes. 

Although we noted amplified, rearranged c-ab/ sequences 
in both the lymphoid blast crisis cells and the chronic phase 
granulocytes in this patient, the blast crisis cells had an 
eight- to 16-fold greater level of bcr-ab/-related transcripts 
than the chronic phase granulocytes (Fig 3). Thus, the 
presence of amplified c-ab/ sequences per se within the 
genome of certain CML cells does not necessarily lead to 
enhanced expression of these sequences. What controls the 
expression of the aberrant bcr-abi/ transcript in CML? The 
c-abl oncogene in CML is translocated into the ber gene on 
the Ph', and transcription of this oncogene may then come 
under control of those factors that normally control tran- 
scription of the intact dcr gene on the normal chromosome 
22. Consistent with this hypothesis is our finding that there is 
a decrease in the normal chromosome 22 ber transcripts in 
the CML granulocytes v blast crisis cells that is almost 
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exactly proportional to the decrease in the level of Ph! 
chromosome bcr-ab/-related transcripts in these cells (Fig 
3). Indeed, one hypothesis to explain the progression of CML 
to blast crisis is that a subset of Ph'-positive CML cells 
harboring trans-activating factors specific for the normal ber 
gene might also develop enhanced expression of the aberrant 
bcr-abl transcript and presumably gain a selective growth 
advantage over other Ph'-positive CML cells that do not 
harbor such specific factors. This model would explain how 
some CML cell populations (for instance, the granulocytes 
from this patient) would not display high levels of the bcr-abl 
transcript even though they harbor multiple Ph' chromo- 
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somes. An alternative hypothesis to explain the evolution of 
CML is that a further genetic event or mutation, perhaps 
involving another oncogene in addition to the Ph! transloca- 
tion, gives rise to blast crisis. 
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Augmentation of In Vitro Human Marrow Erythropoiesis Under Physiological 
Oxygen Tensions Is Mediated by Monocytes and T Lymphocytes 


By Rukmani Pennathur-Das and Lee Levitt 


Tissue and marrow (BM) in vivo O, tensions have been esti- 
mated at 23 to 40 mm Hg (3% to 5% O,). We have investigat- 
ed cellular regulation of burst-forming units—erythroid 
(BFU-E! under 5% O,. BFU-E from BM mononuclear cells 
(MNC) were cultured in methylcellulose medium and erythro- 
poietin (Ep) + monocyte-conditioned medium (MoCM, a 
source of burst-promoting activity, BPA) in the presence or 
absence of autologous T cells (T) and/or monocytes (Mø) 
under either 5% or 21% O, after depletion of T (MNC-T), Mg 
(nonadherent buoyant cells, NAB) or both T and M¢ depletion 
(NAB-T}. MNC BFU-E growth under 5% O, was augmented 
over 0.1 to 1.5 U/mL of Ep. BFU-E augmentation under 5% O, 
was abolished by depletion of BM Mg, T, or both from MNC. 
The addition of MoCM affected neither a BFU-E increase 
under 5% O, nor the abrogation of that increase upon T or Mø 
depletion. The addition of 5% to 20% Mø or 10% to 20% T to 
NAB-T failed to restore the BFU-E increase under 5% O.. 
However, BFU-E augmentation under 5% O, was reestab- 
lished when 10% autologous M¢, 10% T, or 10% T plus 10% 


N VITRO INVESTIGATIONS of hematopoiesis have to 
date been performed at atmospheric oxygen tensions 
(140 to 150 mm Hg, 21% O,). However, tissue oxygen 
tensions and, in particular, bone marrow oxygen tension are 
far below 140 mm Hg, the partial pressure of oxygen at room 
air. Guyton estimates the tissue oxygen tension in vivo to be 
approximately 40 mm Hg.' Tondevold et al have measured 
medullary cavity oxygen pressures within canine long bones 
and have reported values between 23.5 and 27.7 mm Hg (3% 
to 4% O) at arterial pressures of 75 to 110 mm Hg. When 
the arterial pressure dropped below 75 mm Hg, the bone 
medullary oxygen tension dropped still further to 14 to 18 
mm Hg.*? Thus, the true physiological pO, in the marrow is 
much closer to 5% O, than 21% O,, and in vivo hypoxic 
conditions would be expected to cause further decrements in 
marrow oxygen tension. 

Although it has been known for a number of years that 
compensatory in vivo erythropoietic responses to hypoxia are 
induced by increased erythropoietin (Ep) production? and 
that tissue oxygen delivery can be augmented through 
increased production of 2,3-diphosphoglyceric acid,” in vitro 
regulation of erythropoiesis under less than atmospheric 
oxygen tensions has not been investigated in detail. Bradley 
et al have reported an increased size and number of hemato- 
poietic granulocyte-macrophage progenitor cells (CFU- 
GM) when murine marrow is cultured in agar and incubated 
at 6.8% O,.° Rich and Kubanek have reported increased 
growth of both early (BFU-E) and late (CFU-E) erythroid 
progenitors when murine marrow cells were cultured at 5% 
O,.’ They attributed this increased erythroid-plating effi- 
ciency to lowered oxygen toxicity at 5% O, and observed that 
antioxidants augmented erythroid colony formation when 
marrow cells were cultured under atmospheric oxygen ten- 
sions, However, antioxidants did not reproduce the degree of 
erythroid augmentation observed at 5% Oj. Rich and Kuba- 
nek speculated that either a further reduction in oxygen 
toxicity or recruitment of additional erythroid colony-form- 
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Mø were added back to marrow NAB, MNC-T, or NAB-T. BM 
BFU-E was not augmented in the presence of varying concen- 
trations of catalase, superoxide dismutase. or reduced gluta- 
thione at 21% O,; moreover, BFU-E augmentation was main- 
tained at 5% O, relative to 21% O, in the presence of each of 
these antioxidants. CM prepared under 5% or 21% O, from 
BM Mg, T, or Mø pius T were assessed for BPA against BM 
NAB-T using a sensitive BPA assay incorporating delayed Ep 
addition to cultures. Only CM from mixtures of Mø and T cells 
at 5% O, demonstrated potent BPA; little or no BPA was de- 
tected with T or Mø CM at 5% O, and at 21% O, or T and Mø 
CM at 21% O,. The sensitivity of NAB-T BFU-E to exogenous 
BPA was virtually identical at 21% and 5% O,. These results 
indicate that human BM BFU-E are augmented under 5% O, 
and that T cells and Mø together mediate that augmentation 
by collaborating to produce BPA-like activity in response to 
physiological O, tensions. 

©1987 by Grune & Stratton, Inc. 


ing cells may occur when murine marrow ts cultured at 
physiological oxygen tensions. Broxmeyer in a preliminary 
report has recently observed increased human granulocyte- 
macrophage progenitor (CFU-GM) formation at 5% O, and 
has suggested that CFU-GM progenitors demonstrate 
increased sensitivity to granulocyte-macrophage colony- 
stimulating factors (GM-CSF) when grown at 5% 0," He 
also observed an increased release of GM-CSF from human 
peripheral blood macrophages cultured at low O, tensions. 
investigators have also recently reported that human marrow 
erythropoiesis is augmented under low pO, tensions, but the 
mechanism of that augmentation has not been well delinea- 
ted.”'° 

In this study, we have investigated the effects of physiolog- 
ical (5%) O, tensions on human marrow erythropoiesis and 
have evaluated specific cellular contributions to erythroid 
progenitor growth under physiological oxygen tensions. Our 
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results indicate that erythroid colony formation is enhanced 
when human marrow is cultured at 5% O, and that the 
erythropoietic augmentation observed at physiological oxy- 
gen tensions is mediated by a cooperative interaction 
between monocytes (Mø) and F cells. 


MATERIALS AND METHODS 


Bone marrow procurement and cell separation methods. All 
studies were approved by the Stanford University Human Experi- 
mentation Committee. All patients were advised of the procedures 
and attendant risks, in accordance with institutional guidelines, and 
gave informed consent. Two to 4 mL of aspirate was drawn into 
heparinized tubes, diluted in phosphate-buffered saline (PBS), 
layered over Ficoll-Hypaque gradients (density, 1.077 g/mL), and 
centrifuged at 400 g for 30 minutes, and the interface buoyant 
mononuclear cells (MNC) were collected and washed three times in 
Iscove’s modified Dulbecco’s medium (IMDM). These cells are 
subsequently referred to as MNC. Mg were removed by two 
consecutive (45 minutes each) adherence procedures at 37°C in 
polystyrene tissue culture dishes using IMDM with 7.5% fetal calf 
serum (FCS) at cell concentrations of 10’ cells/mL. 7 Nonadher- 
ent buoyant cells (NAB) obtained in this manner contained <2% Mø 
by esterase stain and immunofluorescent labeling with LeuM3 
monoclonal antibody (MCAb). Adherent MNC (295% Mg by 
esterase staining and LeuM3 MCAb immunofluorescence), were 
isolated by gentle scraping with a rubber policeman after vigorous 
washing to remove the loosely bound cells. 

T cells were removed from the marrow by solid-phase immunoab- 
sorption “panning.” In this method, polystyrene Petri dishes were 
coated with 100 ug of affinity-purified goat antimouse IgG (Tago, 
Burlingame, CA) diluted in 10 mL of 0.05 mol/L TRIS buffer. 
After a 40-minute incubation at 23 °C, the buffer was decanted and 
the dishes gently washed five times with PBS. Cell suspensions (20 x 
10° cells in 75 uL IMDM) were coated with 50 to 100 ug of Leul 
pan-T MCAb, incubated at 4 °C for 20 minutes, centrifuged, and 
then added to the antibody-coated dish (indirect panning) and 
incubated for 70 minutes at 4 °C. Cells bound to the coated dish and 
nonbound cells were separately recovered by differential elution with 
cold PBS-—1% FCS. In almost all cases, >95% of the bound cells and 
<2% of the nonbound cells stained positively by cytofluorographic 
analysis with a combination of two or three separate (Leul, Leu4, 
and Leu5) pan-F MCAbs. In control experiments, cultures of Mø or 
T cells alone never yielded > 2% BFU-E per 10° cells plated.’” 

Assay systems for hematopoietic progenitor cells. Marrow 
MNCs (0.5 to 1.5 x 10°/mL) were cultured with 0.5 U/mL of 
human urinary Ep (1,140 National Institutes of Health [NIH] 
1,140 U/mg protein) in triplicate 0.25-mL aliquots containing 1.1% 
methylcellulose, 50 wmol/L 2-mercaptoethanol, and 15% to 30% 
FCS with or without 1% bovine serum albumin (BSA) and Mo- 
conditioned medium (MoCM, a medium conditioned by a T lympho- 
blast cell line containing both colony-stimulating activity and ery- 
throid burst-promoting activity [BPA]'’). Cells were incubated at 
37 °C and 5% CO, in either 21% O, (room air) or 5% O, in modular 
chambers (Billips & Rothenberg, Del Mar, CA). Colonies were 
scored on days 12 to 14 to assess committed erythroid (BFU-E) 
progenitor cells as previously described.” 

The percent augmentation of BFU-E growth was calculated based 
upon the following formula: 


Percent augmentation = (no. colonies at 5% O, 
~ no. colonies at 21% O,)/no. colonies at 21% O,. 


In some experiments, enriched populations (1 to 10 x 10% cells/ 
mL.) of either marrow Mø er marrow T cells were added back to 
cultures containing | to 2 x 10° autologous marrow MNCs previ- 


PENNATHUR-DAS AND LEVITT 


ously depleted of monocytes and/or T lymphocytes. Control groups, 
concurrently assessed for progenitor cell growth, included enriched 
marrow T cells or Mø alone and unfractionated marrow MNCs; the 
cultures were grown separately but simultaneously and assayed in 
the presence and absence of Ep + MoCM for the growth of marrow 
BFU-E. 

Establishment and monitoring of oxygen tensions in cul- 
tures. Low (5%) O, cultures were set up using gas-tight modular 
chambers that can be flushed with any desired gas mixture. Multi- 
well tissue culture plates were placed in modular chambers and 
flushed with 5% O,, 5% CO, and 90% N, for five minutes. Plates 
filled with sterile water were placed in the modular chambers to 
provide humidity. The residual O, in multiwell plates was allowed to 
equilibrate with the gas phase in the chambers for one to two hours, 
after which the modular chambers were flushed once again with the 
5% O, gas mixture. The pO, and pCO, in the chambers were 
monitored daily and maintained at 5% + 0.5% for 14 days of culture. 
Control cultures were maintained at 21% O, in modular chambers 
by flushing with a gas mixture of room air with 5% CO,,. 

Preparation of CM. Subpopulations of purified bone marrow T 
lymphocytes or Mg were incubated in IMDM with 50 umol/L 
2-mercaptoethanol at either 21% O, or 5% O, for two days at a 
concentration of 2 x 10° cells/mL. CM were also prepared from a 
mixture of Mg and T cells at M¢:T ratios of 1:6 (total cells, 2 x 10°). 
CM supernatants were harvested, spun at 1,800 g for ten minutes, 
and either used on the day of harvest or stored at 4 °C until testing. 
CM were assessed at 12% vol/vol against marrow MNCs depleted of 
both Mg and T cells (NAB-T). 

Assessment of CM for BPA. Yo improve the detection of BPA in 
these CM, we plated NAB-T cells in 30% FCS and 1% BSA in the 
presence of CM and delayed the addition of Ep to cultures until day 
3.'* Negative controls consisted of wells plated in the presence of 
IMDM but in the absence of any added CM, and the addition of 1% 
MoCM was used as a positive control. In control experiments, 10 + 3 
BFU-E and 2 + 2 CFU-GM were formed per 10° cells in the absence 
of MoCM, whereas 118 + 9 BFU-E and 142 + 7 CFU-GM were 
formed in the presence of 1% MoCM. 

Effects of antioxidants on BFU-E at 21% and 5% O, The 
effects of antioxidants on BFU-E were assessed by culturing bone 
marrow MNCs in the presence and absence of 0 to 10 mmol/L 
reduced glutathione (Sigma Chemical Company, St Louis), 0.1 to 
1,000 ug/mL of superoxide dismutase (Biotics Research Corp, 
Houston). or 0 to 100,000 U/mL of catalase (Sigma) at both 21% 
and 5% QO,. Control experiments using superoxide dismutase in a 
system containing acetaldehyde—xanthine oxidase plus reduced cyto- 
chrome c indicated that the superoxide dismutase used in our culture 
system was an efficient superoxide scavenger. Similar concentra- 
tions of antioxidants have been used to successfully inhibit free 
radical~-induced damage to red cell membrane and to inhibit up to 
90% of hydroxy! radical generation by human phagocytes.'* Gluta- 
thione was always freshly prepared for each assay. 

Assessment of erythroid progenitor sensitivity to BPA under 
varying culture oxygen tensions. We assessed the differential 
sensitivity of marrow BFU-E to exogenous BPA (MoCM) at 21% 
and 5% O,. Cultures (n = 4) were established with marrow target 
cells depleted of both Mø and T cells, in 15% FCS in the absence of 
BSA, and in the presence of 0% to 10% MoCM. In control 
experiments performed at both 21% and 5% O,, the addition of 0.2% 
to 1.0% MoCM produced a three to fivefold increment in marrow 
BFU-E. The percent change in BFU-E under 5% O, relative to 21% 
O, was calculated at each concentration of MoCM. Both the 
absolute number of BFU-E and the percent change observed at 5% 
O, relative to 21% O, were compared at MoCM concentrations of 
0% to 10%. 

Statistics. The two-sample unpaired Student’s ¢ test was used in 
statistical analysis of the data.” 
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Table 1. Augmentation in Human Marrow BFU-E at 5% O, 
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No. BFU-E per 100,000 Celis * 











Ep p 
{U/mt} 21% 0, 5% O, 21% 0, 5% O, 21% O, 5% O, 21% 0, 6% 0, 21% O, 5% 0, Percent Change f 

0.1 84 122 163 215 47 71 111 32 67 44.0 + 4.5 

0.2 138 226 187 267 32 97 147 72 115 62.0 + 12.3 

0.5 219 326 175 336 72 125 138 112 163 54.8 + 7.9 

1.0 182 250 232 347 96 103 120 170 199 33.0 + 6.1 

1.5 163 248 amen — 134 91 128 136 195 39.8 + 8.0 





Each value represents the mean + SEM of results from five separate experiments, each involving a different normal marrow donor. Colony numbers are 


indicated for only three representative experirnents to simplify the table. 


*Mean value for BFU-E per 10° marrow mononuclear ceils: each experiment is plated in triplicate. 
¢Percent change = (no. BFU-E at 5% O, — no, BFU-E at 21% O,) x 100/no. BFU-E at 21% O,. 


RESULTS 

Augmentation of marrow erythropoiesis at 5% O, 
Physiological oxygen tensions (5% O,) augmented in vitro 
bone marrow erythropoiesis relative to marrow cultures 
grown at 21% O,. The increase in erythropoiesis, as detected 
by an augmentation in the number of human burst-forming 
units (BFU-E) grown from marrow MNC, was observed 
over a wide range of Ep concentrations (0.1 to 1.5 U/mL) 
(Table | and Fig 1). Table 1 lists five experiments in which 
BFU-E augmentation is demonstrable at each Ep concentra- 
tion used along with the mean BFU-E augmentation. There 
was a 33% to 62% (n = 5) increase in BFU-E when marrow 
MNC were cultured at 5% O, compared with cultures 
established at room air (21% O,) (P < .001). This increase 
appeared to be independent of Ep. No erythroid colonies 
were detected under 5% O, in the absence of added Ep (data 
not shown). The increase in BFU-E at 5% O, was not 
significantly (P > .05) diminished by the addition of MoCM, 
a potent source of exogenous BPA; in nine experiments, a 
39% + 10% increase in BFU-E was observed at 5% O, (over 
21% O,) in the presence of 0.5 U/mL of Ep plus 1% MoCM 
compared with a 55% + 8% increase in BFU-E when paired, 
autologous marrow cells were concomitantly grown in the 
presence of 0.5 U/mL of Ep alone. The increase in BFU-E 
was maintained even in the presence of 2% to 10% MoCM 
(data net shown). In control experiments, the maximal 
BFU-E expression was observed between 0.5% and 2.0% 
MoCM (data not shown). 


Effect of Mọ and/or T cell depletion on augmentation of 
marrow erythropoiesis under 5% O, Depletion of Mø 
from marrow MNC (NAB) abolished the augmentation in 
BFU-E growth under 5% O, over the entire range of Ep 
concentrations studied (Fig 1) (P < .001). Similarly, no 
augmentation was observed under 5% O, when nonadherent 
marrow cells were cultured in the presence of MoCM plus Ep 
(Fig 2). Augmentation of erythropoiesis was also abolished 
when marrow MNC were depleted of T lymphocytes. Mar- 
row T cell depletion (MNC-T) abrogated erythropoietic 
stimulation whether cultures were established with Ep alone 
or with MoCM plus Ep (Fig 2). No augmentation in 
erythropoiesis was noted at 5% O, relative to 21% O, when 
marrow MNC were depleted of both monocytes and T cells 
(NAB-T) and cultured in the presence of Ep alone or MoCM 
plus Ep (Fig 2). 

Augmentation of CFU-GM at 5% O, Physiological 
(5%) O, tensions also augmented CFU-GM growth (186% + 
64% increase over control) from marrow MNC relative to 
marrow MNC grown under 21% O, (Table 2). However, the 
removal of T cells (110% + 17% increase over control), Mg 
(133% to 54% increase over control), or both T celis and Mø 
(106% + 26% increase over control) did not abolish the 
granulopoietic augmentation under 5% O, (Table 2). 

Lack of BFU-E augmentation at 5% O, following the 
addition of Mọ or T cells to autologous, nonadherent T 
cell-depleted marrow MNC. We assessed BFU-E growth 
at 5% and 21% O, following the addition of either 0% to 20% 
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Fig 1. Augmentation in erythroid progenitors Z = 
(BFU-E) cultured from human bone marrow MNC at ka AA 
various Ep concentrations and the effect of marrow = — Tes 
MNC depletion on erythropoietic augmentation at 5% 4 Vs i 
O,- Results are expressed as means + SEM of the = rer 
percent change in BFU-E observed at 5% O, compared ALA 
with 21% O, (see Materiais and Methods) and are LN e 
derived from five to nine separate experiments. At 0.5 z SN 
U/mL Ep in a representative experiment, 175 and 336 T] 
BFU-E/10° are obtained at 21% O, and 5% O,, respec- -20 ; 
tively, with marrow MNC, whereas 190 and 182 0.1 0.2 0.5 1.0 1.5 


BFU-E /10° are obtained at 21% O, and 5% O, respec- 


tively, with marrow NAB. tp (U/mL) 
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T cells or 0% to 20% Mø to autologous marrow MNC 
depleted of both Mo and T cells. As demonstrated in Table 3, 
the addition of 0% to 20% T cells to nonadherent, T 
cell-depleted marrow MNC failed to restore erythropoietic 
augmentation at 5% O, (P > .5); no BFU-E augmentation 
was achieved even after the addition of 40% T cells (data not 
shown). Similarly, the addition of 10% to 20% autologous 
Mø to Mé-free, T-depleted marrow MNC also failed to 
restore augmentation of erythropoiesis under 5% O, (P > .5) 
(Table 3). 

Augmentation of BFU-E under 5% O, following the 
addition of M@ to nonadherent marrow MNC or the addi- 
tion of T cells to T cell-depleted marrow MNC. Augmen- 
tation of marrow erythropoiesis under 5% O, was restored by 
reconstituting nonadherent, T cell-depleted marrow MNC 
with both autologous Mø and T cells. Thus, the addition of 
5% to 50% autologous Mø to M¢-free marrow MNC resulted 
ina 26.2% to 43.0% iP < .01) increase in BFU-E under 5% 
O, compared with control Mé-repleted cultures established 
from the same donor but grown under 21% O, (Table 4). 
Similarly, the addition of 10% T cells to autologous, T 
cell-depleted marrow MNC augmented erythropoiesis 
under 5% O, by 56.2% + 14.1% {P < .01). The addition of 
10% Mø plus 10% T cells to autologous, nonadherent T 
cell-depleted marrow target cells also restored BFU-E aug- 
mentation under 5% O, (—4.3% + 10.6% to 76.2% + 10.5%) 
(P < .001). These results, in toto, indicate that both Mø and 
T cells are required for erythropoietic augmentation at 5% 
O,. 
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Table 2. Augmentation of Human Marrow CFU-GM at 5% O, 
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Fig 2. Effect of Mé, T celis, and exogenous BPA 
({MoCM) on erythropoietic augmentation at 5% O, 
Human bone marrow MNC were plated before and 
after depletion of monocytes (NAB) by two consecu- 
tive adherence separation procedures, after depletion 
of T cells with immunoabsorbant panning with Leut 
pan-T MCAb (MNC-T}, or after depletion of both 
Mo and T celis (NAB-T) by a double-adherence proce- 
dure followed by panning. Results are expressed as 
means + SEM of the percent change in BFU-E 
observed at 5% O, compared with those at 21% O, 
{see Materials and Methods) and are derived from 
seven to ten separate experiments. 


Effects of CM prepared from purified T cells and Mọ at 
5% or 21% O, on BFU-E growth from NAB-T. To 
confirm the role of T cells and monocytes in mediating 
BFU-E augmentation under 5% O,, we prepared two-day 
CM from marrow M¢ and/or T cells at 5% O, and 21% O, 
and assessed these CM for BPA against nonadherent, T 
cell-depleted marrow MNC. We delayed the addition of Ep 
to cultures until day 3 to increase the sensitivity of the BPA 
assay by eliminating Ep-sensitive BFU-E. Under these con- 
ditions, only minimal numbers (10 + 3/10° NAB-T) of 
BFU-E were obtained in the absence of MoCM; a substan- 
tial increase (118 + 9/10° cells plated) was observed upon 
the addition of exogenous BPA (1% MoCM). CM prepared 
from either T cells or Mø alone did not provide erythroid 
potentiating activity at either 5% or 21% O, (Fig 3). How- 
ever, CM prepared under 5% O, from T cell-Mø mixtures 
provided potent (P < .001) BPA activity compared with 
identical Mø-T cell mixtures prepared under 21% O, (Fig 3) 
(n = 4). CM prepared for 24 hours from mixtures of T cells 
and Mø under 5% and 21% O, and assessed against autolo- 
gous marrow NAB-T target cells gave similar results in 
which only CM prepared with T cell-M¢ mixtures under 5% 
O, provided potent BPA activity. The low erythroid potentia- 
tion obtained from T cell~-M¢ CM established under 21% O, 
most likely reflects the short preparation time of the CM (48 
hours) as well as the relatively low number (2 x 10° 
cells/ml) of cells used in CM preparation. 

Assessment of these CM for CFU-GM showed low CSF- 
GM activity. In the absence of exogenous CSF, only 2 + | 
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No. CFU-GM/ 100,000 Celis* 





21% O, 5% O, 21% O, 
MNC 56 108 51 
NAB 73 113 76 
MNC-T 65 180 —— 





renee 


NAB-T 51 140 68 








5% O, 21% O, 5% Q, Percent Change 
135 27 83 186 + 64+ 
115 40 117 133 + 54 
en 28 65 110+ 17 
131 ae ot 106 + 26 








Each value represents the mean + SEM of results from seven to nine separate experiments, each involving a different normal donor. Paired autologous 
marrow samples were cultured with Ep + MoCM. Colony numbers are indicated for oniy three representative experiments to simplify the table. 

*Mean value for CFU-GM per 10° marrow MNC; each experiment is plated in triplicate. 

+Percent change = (no. CFU-GM at 5% O, — no. CFU-GM at 21% O,) x 100/no. CFU-GM at 21% OQ). 
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Table 3. Effect of the Addition of Autologous Mø or T Lymphocytes (T) on BFU-E Grown Under Either 21% O, or 5% C, 


From Nonadherent, T Cell-Depleted Marrow Cells 
A n eS e a a Ns ck es ee en 


T Mo Exp ł Exp 2 
(%) (36) 21% O, §% O, 21% 0, 

0 0 340 304+ 83 

5 0 315 278 
10 0 235 258 
20 0 256 287 102 

0 10 138 

O 20 134 





BFU-E were cultured in the presence of 0.5 U/mL of Ep. 


Exp 3 


Percent Change 
5% O, 21% 0, 5% O, BFU-E* 

67 107 121 ~$.9 + O.1f 
124 147 -— 10.3 + 10.4 
116 118 — 10.3 + 13.3 

112 3.0 % 1.0 
135 36 91 Wit 2a 
130 118 118 ~3.6 + 1.0 


*Percent change = (no. BFU-E at 5% O, — no. BFU-E at 21% O,) x 100/no. BFU-E at 21% OQ). 
+Mean erythroid progenitor (BFU-E) number per 10° nonadherent, T cell-depleted marrow MNC; each experiment was plated in triplicate and 


involved a separate normal donor. 


tEach value represents the mean + SEM of results from four separate experiments involving a different normal donor. Only three representative 


experiments are indicated in the Tabie. 


Table 4. Effect of the Addition of Autologous T Cells and/or Mø on BFU-E Grown From NAB, MNC-T, and NAB-T Marrow Target Cells 
a A E A a cB ee scaN ss cai nT NS en Ga i RIO ee eS UMN Nef tA OND Eien NOT E aR me Ed SDNY OER 


Exp 1 


Exp 3 





BM Mo T ESEE E E P EEE Percent Change P 

Celis (5%) (96) 21% 5% 21% 5% 21% 5% in BFU-E” Valuet 
NAB 0 — 98 104¢ 130 126 91 99 2.9 + 6.5 > de 
NAB 5 ~~ 102 119 128 171 26.2 + 5.0 “OOF 
NAB 10 mme 110 131 112 175 160 2114 36.7 + 13.6 < 901 
NAB 20 mae 88 112 183 242 43.5 + 19.0 <a i 
NAB 50 mm 150 212 43.0 + 0.7 <,025 
MNC-T — 0 87 103 163 150 146 163 —~5.1 + 7.6 >. 
MNC-T ee 10 116 151 116 155 94 187 56.0 + 14.1 < O04 
NAB-T 0 0 88 69 69 84 45 40 -4.3 + 10.6 wS 
NAB-T 10 10 83 126 73 132 56 111 76.2 + 10.5 <.007 





Percent change = (no. BFU-E at 5% O, — no. BFU-E at 21% 0,) x 100/no. BFU-E at 21% Q,. 

*Each value represents the mean + SEM of results from three to five separate experiments, each involving a different normal donor, 
+P values were determined with the paired Student's t test from the triplicate BFU-E values of three to five experiments. 

¢Mean value for BFU-E per 10° marrow calls; each experiment was plated in triplicate. 
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Fig 3. Effect of CM prepared at 5% or 21% O, on erythroid 
progenitors (BFU-E) cultured from nonadherent, T cell-depleted 
target celis. CM were prepared for one to two days under either 
5% or 21% O, using either marrow Mø (2 x 10° cells/mL) or T cells 
(2 x 10° cells/mL) alone or mixtures of both Mø and T cells (total, 
2 x 10° cells/mL). CM (12%, vol/vol) were assessed against 
NAB-T target ceils. Results are expressed as means + SEM from 
four experiments. E, .6 U/mL added D3, no MoCM except for panel 
2. 1, 21% 0; 2, 5% O,. 


CFU-GM was observed, which increased to 142 + 7 CFU- 
GM upon the addition of 1% MoCM. CM from T cell-M¢ 
mixtures under 21% O, gave rise to6 + 1 CFU-GM, whereas 
CM from a T cell/M¢ mixture under 5% O, yielded 21 + 3 
CFU-GM. 

Effects of antioxidants on BFU-E growth at 21% and 5% 
O, To determine whether the increased colony-forming 
ability of bone marrow MNC at 5% O, reflects the protection 
of erythroid progenitors from accessory cell-derived oxidant 
injury at 21% O,, we cultured marrow target cells containing 
T cells and M¢ in the presence of three separate antioxidants: 
reduced glutathione, an intracellular antioxidant, at a con- 
centration range of 0.1 umol/L to 10 mmol/L; superoxide 
dismutase, a scavenger for superoxide radicals, at a concen- 
tration range of 0.1 to 1,000 ng/mL; and catalase, which 
reacts with H,O,, at a concentration range of | to 100,000 
U/mL. Cultures were established at both 21% and 5% O,. As 
shown in Figs 4A, B, and C, marrow BFU-E grown in the 
presence of varying concentrations of the three antioxidants 
failed to demonstrate augmented growth at 21% O,, which 
suggests that the observed augmentation in BFU-E grown 
from marrow MNC at 5% O, in the absence of antioxidants 
did not arise as a consequence of reduced O, toxicity. 
Moreover, augmentation in BFU-E was maintained at 5% O, 
relative to 21% O, in the presence of each of these antioxi- 
dants. 


904 








PENNATHUR-DAS AND LEVITT 





iv root 

p ; = 
3 3 : 
9 4 z 
g g g 
g : z 
x 2 z 
: š : 
m a 
A $ Š 
is ts iy 
i : 

seat re Geeta -= 
A 0 woo ote? at Cc? i 5 18 KÐ lg neg wwe 
REDUCED GLUTATHIONE tu) SUPEROXIDE BISMUTASE (ue/m) CATALASE tiim) 
Fig4. Effect of antioxidants on erythroid progenitors (BFU-E) grown from unseparated bone marrow MNC at 5% and 21% O,. Results 


are expressed as means + SEM of the number of BFU-E per 1.5 x 10° cells plated from three separate experiments. (A) Reduced 


glutathione. (B} Superoxide dismutase. (C) Catalase. 


Sensitivity of BFU-E to BPA under 5% O, Although 
the aforementioned results indicate that Mø and T cells 
together mediate augmentation of BFU-E under 5% O,, we 
next assessed whether low oxygen tensions may additionally 
alter the sensitivity of early erythroid marrow progenitors to 
BPA. Using nonadherent, T cell-depleted marrow target 
cells, we assessed the differential sensitivity of BFU-E cul- 
tured at 5% O, or 21% Q, to varying concentrations of 
exogenous BPA (MoCM). Figure 5A shows the results of a 
representative experiment of dose-response curves measured 
at 5% and 21% O, as a function of MoCM concentration. 
The dose-response curves at the two O, concentrations were 
virtually identical. The results of three additional experi- 
ments confirmed this observation (data not shown). Any 
change in the sensitivity of BFU-E under 5% O, to exogenous 
BPA would be reflected in augmented colony growth at low 
MoCM concentrations, especially since similar number of 
BFU-E were obtained at 5% and 21% O, in the absence of 
MoCM. However, our results indicate that the percent 
change in BFU-E growth for 1% to 10% MoCM fluctuates 
around zero (n = 4) (Fig 5B). These results suggest that 
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Fig 5. 


marrow BFU-E cultured in the presence of either 5% O, or 
21% O, demonstrate similar sensitivity to exogenous BPA. 


DISCUSSION 


We have investigated the effects of physiological O, 
tensions (5% O,) on human marrow BFU-E growth. Our 
results demonstrate augmentation in BFU-E when marrow 
MNC are grown under 5% O,. BFU-E enhancement appears 
to be mediated by Mø and T cells, since the removal of either 
Mg, T cells, or both abolished BFU-E augmentation at 5% 
O,. The addition of 10% to 20% Mø or 5% to 40% T cells to 
autologous nonadherent T ceil--depleted marrow target cells 
failed to restore BFU-E augmentation at 5% O,. However, 
the readcition of Mø to nonadherent MNC, T cells to T 
cell-depleted MNC, or both T cells and Mø to nonadherent 
T cell-depleted target cells restored BFU-E augmentation 
under 5% O,. CM prepared at 5% O, from a mixture of Mø 
and T cells demonstrated potent BPA activity, whereas little 
or no BPA activity was detected with CM from a mixture of 
T cells and Mg at 21% O, or from T cells or Mø alone under 
either 5% or 21% O,. No BFU-E augmentation was observed 
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Sensitivity of erythroid progenitor celts (BFU-E) grown under either 5% O, or 21% O, to exogenous BPA derived from 


MoCM. (A) BPA dose-response curves under 5% and 21% O,. BPA dose-response curves were determined using nonadherent T 
cell-depleted (NAB-T) marrow target cells and 0% to 10% MoCM as a source of exogenous BPA. Bone marrow cells were grown under 
either 21% O, or 5% O, and were obtained from the same donor. Results are expressed as means + SEM from triplicate cultures. {B} 
Percent augmentation under 5% O, as a function of BPA concentration {n = 4). Note that the percent change fluctuates around O. 
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under 21% O, when BFU-E were cultured in the presence of 
a variety of antioxidants. The sensitivity of BFU-E grown 
from nonadherent T cell-depleted marrow target cells to 
exogeneous BPA was virtually identical at 5% O, and 21% 
O,. These results suggest that T ceils and Mø collaborate to 
produce BPA and augment human marrow erythropoiesis 
under 5% O.. 

Although CFU-GM growth was augmented at 5% O, 
relative to 21% O,, it was not mediated by T cells and Mg, 
since the removal of either T cells or Mø did not abolish the 
CFU-GM augmentation. In addition, CM prepared from T 
cell/M¢ mixtures at 5% O, demonstrated little CSF activity. 
Enhancement in colony formation by T cells and M¢ under 
5% relative to 21% O, is therefore specific for BFU-E. 

A reduction in oxygen toxicity under physiological O, 
tensions may contribute to augmented BFU-E growth at 5% 
O,. Rich and Kubanek have observed augmented growth of 
murine CFU-E and BFU-E under reduced O, tensions and 
have demonstrated that part of this increase in erythropoiesis 
can be explained by lowered oxygen toxicity under 5% O,.’ 
Direct oxygen toxicity affecting erythroid progenitor cells 
with a consequent impairment of BFU-E expression at 21% 
O, seems unlikely from our experimental results, since 
BFU-E growth from marrow target cells depleted of both Mø 
and T cells was not augmented under 5% O,. Impairment of 
T cell-M¢ collaboration as a consequence of oxygen toxicity 
at ambient (21% O,) concentrations could explain the 
observed BFU-E augmentation under 5% O,. If this were the 
case, we would most likely have observed erythropoietic 
augmentation with marrow MNC containing M¢ and T cells 
in the presence of antioxidants. No such stimulation was 
observed when BFU-E were cultured in the presence of 
either reduced glutathione, superoxide dismutase, or cata- 
lase, which suggests that reduced O, toxicity at lower O, 
tensions does not account for the BFU-E augmentation in the 
absence of antioxidants at 5% O,. Moreover, BFU-E aug- 
mentation at 5% O, relative to 21% O, is maintained in the 
presence of each of the assessed antioxidants, which suggests 
that the observed augmentation is independent of O, toxicity. 
Finally, Ascensao'’ has shown that oxidant injury to human 
erythroid progenitor cells can be demonstrated only in the 
presence of low serum concentrations. In addition, Shulman 
et al'® demonstrated oxygen toxicity to human erythroid 
progenitor cells only in the presence of a superoxide-generat- 
ing system like xanthine-xanthine oxidase. Since we rou- 
tinely used 50 pmol/L 2-mercaptoethanol and 30% FCS in 
our culture system, the role of O, toxicity in mediating 
erythropoietic augmentation under 5% O, may well not be 
significant. 

To our knowledge, this is the first demonstration that the 
augmented BFU-E growth under low O, tensions is mediated 
directly or via additional accessory cells by both Mø and T 
cells. Several reports in the literature suggest that either T 
cells, Mø, or both are required for BFU-E and CFU-GM 
proliferation in vitro at ambient O, tensions.'*'*”? However, 
the uniqueness of our results is that T cells and Mø can 
mediate augmented erythropoiesis by releasing burst- 
enhancing factors in response to variations in O, tensions. 
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This is an important concept since there is a gradation in O, 
tensions in the circulation, capillaries, in various tissues, and 
in bone marrow medullary cavities. Increased erythropoie- 
tin production or release is considered the sole mechanism 
mediating erythropoietic response to low O,; our results 
suggest that immunoregulatory mononuclear cells can also 
sense variations in O, tensions by releasing hematopoietic 
growth-promoting activities. Whether Mø in response to 
variations in O, tensions release a factor similar to that 
described by Bagby et al” that stimulates BPA production 
by T cells or whether T cells in response to variations in O, 
tensions stimulate Mø either directly or through a soluble 
mediator” remains to be elucidated. 

There are precedents in the literature for low O, tensions 
affecting specific cellular metabolic activities and the ability 
of MNC to secrete or respond to purified growth factors. O, 
has been demonstrated to alter activities of several enzymes 
that require molecular O, for activity (eg, cytochrome oxi- 
dase and ATPase). Simon et al and Cummisley et al have 
demonstrated in murine epithelial cells and macrophages 
that enzyme activities in the glycolytic pathway (eg, pyru- 
vate kinase, phosphofructokinase, and hexokinase) are ele- 
vated and those of oxidative phosphorylation (eg, cyto- 
chrome oxidase) are depressed under 2% O,.°"' Knighton et 
al have recently demonstrated that when cultured under low 
pO, macrophages secrete an active angiogenesis factor that 
aids wound healing.” The factor secretion ceased when cells 
were returned to ambient O, tensions; thus in this example, 
MNC appear to secrete a growth factor in response to low O, 
tensions. Smith et al (personal communication) have demon- 
strated that proliferative response to the growth hormone 
IgF1 by IgF1 receptor—positive T leukemia cells is achieved 
only under 5% O). In this example, low O, tensions enable the 
T cells to respond to IgF 1. 

Monocytes have been reported to release hematopoietic 
growth factors under reduced O, tensions in murine and 
human systems. Rich et al have demonstrated that murine 
monocytes, when cultured in hydrophobic Teflon foils, can be 
induced to release Ep, BPA, and CSF-GM at 21% O, and 
that the release of Ep can be augmented at 5% O,.°°"* It is 
unlikely that the erythroid augmentation observed at 3% O, 
in our experiments is mediated by Ep, since no BFU-E were 
formed at 5% O, in the absence of Ep and marrow BFU-E 
augmentation is maintained even at high concentrations of 
Ep (Fig 2). Broxmeyer® has also observed, in a preliminary 
report, an increased release of CSF-GM from peripheral 
blood M¢ under low O, tensions, which suggests a role for 
accessory cells in mediating granulopoietic augmentation 
under 5% O.. 

Although Mø and T cells augment BFU-E at 5% O, by 
collaborating to produce BPA-like activity, the addition of 
excess exogenous BPA (MoCM, 1% to 10%) did not abro- 
gate this augmentation. The failure of MoCM to abrogate 
erythroid augmentation under 5% O, suggests a possible 
heterogeneity in either the progenitor target cell population 
and/or in the erythroid potentiating responses of T cells and 
Mø. Alternatively, progenitor cells may well be capable of 
responding to greater amounts of erythroid potentiating 
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activity than that provided by MoCM. MoCM is prepared 
from an HTLV-containing leukemic T cell line and undoubt- 
edly contains a mixture of lymphokines in addition to BPA, 
some of which may suppress erythropoiesis.** Third, T cells 
and Mg may collaborate at 5% O, tensions to release 
potentiators of erythropoiesis distinct from BPA. Prostaglan- 
din E, which is released by Mø and stimulates BFU-E in the 
presence of T cells, is a possible mediator of augmented 
BFU-E at 5% O,.°** However, in two separate experiments, 
we have observed that the BFU-E augmentation observed 
under 5% O, is maintained in the presence of up to 10 
mol/L indomethacin, a potent inhibitor of prostaglandin E 
release from Mg.™ Interleukin 2 (IL2) is another possible T 
cell-derived lymphokine capable of erythropoietic augmen- 
tation under ambient O, tensions,” and it may have a role in 
mediating the BFU-E response to physiological (5%) O, 
tensions. However, although IL2 can stimulate BFU-E pro- 
liferation in the presence of BPA and accessory cells, the role 
of IL2 in BFU-E proliferation in the absence of accessory 
cells and BPA is not yet established. Finally, it is possible 
that a suppressor lymphokine for erythropoiesis is released 
via a collaborative interaction between T cells and Mø at 
21% O, but not at 5% O,. We rule out this possibility based 
on the following observations: (1) The number of BFU-E 
with CM derived from T cell-M¢ mixtures at 21% O, was 
not lower than in the presence of CM derived from either T 
cells or Mg alone. (2) The addition of T cell/M¢ CM (at 21% 
O,) to cultures containing MoCM did not reduce BFU-E 
growth (data not shown), and (3) CM from T cell/M¢ 
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mixtures contained little interferon activity (1 to 2 U/mL as 
measured by radioimmunoassay), either at 5% or 21% O+. 

Broxmeyer has reported increased human marrow CFU- 
GM growth under 5% O, when compared with simultaneous 
cultures established under 21% O,.° This augmentation was 
accompanied by an increased HLA-DR expression on CFU- 
GM progenitor cells and by an increased number of S-phase 
progenitor cells. Although any direct effect of altered O, 
tensions on the erythroid progenitor cell independent of T 
cells and Mo appears unlikely from our data, it is possible 
that the BPA-like activity released by T cell-M¢ collabora- 
tion under 5% O, may induce increased HLA-DR expression 
on erythroid progenitor cells and may increase the percent- 
age of erythroid progenitor cells in S-phase. 

Our data suggest that T cells and Mø can respond to 
variations in O, tensions by collaborating, either directly or 
indirectly, to produce BPA-like activity with a consequent 
augmentation in erythropoiesis. Although it has been well 
documented that increased erythropoietin is produced in 
response to in vivo hypoxic stress,* we speculate that augmen- 
tation in the production or release of BPA-like activity from 
M¢ and T cells could represent an additional mechanism 
mediating the response of erythropoiesis to alterations in 
tissue and marrow oxygen tensions. Preliminary experiments 
in our laboratory“ indicate that the lack of appropriate 
compensatory polycythemia in some patients with chronic 
disease and hypoxemia may be, in part, a consequence of 
impaired progenitor augmentation under reduced oxygen 
tensions. 
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T Cell Differentiation Stages Identified by Molecular and Immunologic Analysis 
of the T Cell Receptor Complex in Childhood Lymphoblastic Leukemia 


By Joseph Mirro, Jr, Geoffrey Kitchingman, Frederick G. Behm, Sharon B. Murphy, and Rakesh M. Goorha 


T cell differentiation was investigated by determining the 
relationship of T cell receptor (Ti) gene rearrangement and 
transcription to the expression of surface and cytoplasmic 
T3 antigen using blast cells from five children with acute 
lymphoblastic leukemia of thymic origin. Patterns of mono- 
clonal antibody (MoAb) reactivity indicated that these 
cases were representative of the three recognized stages 
(i, H, Hi} of human thymocyte development. The T3 antigen, 
which becomes linked to the Ti to form a functional T cell 
receptor complex on mature thymocytes, was expressed 
on the cell surface in two cases (stage Ill). However, in the 
remaining three cases that were surface T3 negative 
(stages | and Il), large amounts of T3 were identified in the 
cytoplasm by immunoperoxidase staining and flow cytome- 
try. Leukemic blasts from all five patients showed rear- 


HREE STAGES of T cell ontogeny have been delin- 
eated using monoclonal antibodies (MoAbs) to detect 
the expression of the cell surface antigens T11, T6, T4, T8, 
and T3. Stage I is characterized by the phenotype T11*, 
T6°, T4°, T8, T3>; stage H by T11*, T6*, T4*, T8*, T3-: 
and stage II] by T11*, T6”>, T4*, T8*, T3*.' A 90-kDa 
disulfide-linked heterodimer, composed of a and @ subunits 
and termed the T cell antigen receptor Ti, also appears on the 
surface of stage HI T lymphocytes and is responsible for T 
cell antigen specificity. >" The ability of the Ti molecule to 
recognize many diverse antigens, like that of the immuno- 
globulins, resides in the rearrangement of genes encoding 
specific Ti subunits termed variable (V), diversity (D), 
joining (J), and constant (C).*’ The Ti heterodimer is 
physically linked to the T3 molecule to form a functional 
Ti-T3 complex.*°*! 

The development of molecular probes for the Ti a- and 
8-chain genes has made it possible to examine the sequence 
of gene activation that accompanies production of a func- 
tional T cell receptor.''"'’ Previously others have used immu- 
noglobulin gene probes and MoAbs to lineage-associated 
surface antigens to dissect B cell differentiation.'* We rea- 
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ranged genes encoding the §-chain portion of the Ti 
heterodimer. RNA transcripts of Ti 8-chain genes were 
also evident in lymphobiasts from all five cases, but tran- 
scripts coding for the a-chain portion of Ti were found only 
in cases that expressed T3 cn the cell surface. Thus the 
absence of surface T3 (and presumably Ti) coincides with 
the absence of Ti a-chain RNA, suggesting that tran- 
scription of a-chain genes is a critical regulatory event in 
the surface expression of the Ti-T3 complex. Leukemic T 
celis that rearrange and express Ti 6-chain genes but lack 
Ti a-chain messenger RNA (mRNA) may represent a stage 
of differentiation analogous to pre-B cells, where heavy- 
chain immunoglobulin (ig) genes are rearranged and 
expressed but light-chain Ig genes are not expressed. 
©1987 by Grune & Stratton, Inc. 


soned that similar analysis of Ti gene rearrangement and 
transcription with T celi surface antigens, such as T3 and 
Til, might yield additional insight into the sequence and 
regulation of T cell differentiation. The correlations identi- 
hed here for T lymphoblasts are similar to those for normal 
thymocytes and indicate that T cells contain cytoplasmic T3 
antigen and Ti -chains transcripts very early in ontogeny. Ti 
a-chain transcripts and presumably the a-chain protein were 
present only in blast cells with surface T3 antigen, indicating 
that a-chain transcription is a critical regulatory event in the 
formation of the Ti-T3 complex. The presence of 8-chain 
messenger RNA (mRNA) in the absence of a-chain mRNA 
appears to characterize a stage of T cell differentiation 
analogous to the pre-B stage of B lymphocytes where heavy- 
chain Ig genes are expressed but light-chain Ig genes are 
not. 


MATERIALS AND METHODS 


Patients. From 10’ to 10® marrow blast cells (density <1,077 
g/cc) were obtained from five children with untreated T cell acute 
lymphoblastic leukemia (T-ALL). These cases were selected for 
analysis because they represented the known stages of T cell 
differentiation as defined by reactivity with MoAbs. Thymocytes 
were obtained from norma! humen thymus removed during correc- 
tive cardiac surgery. All studies described in this report were 
performed with approval of the Clinical Trials Committee of St. 
Jude Children’s Research Hospital and with the informed consent of 
the patients and their parents. 

Immunologic studies. Leukemic biast cells from marrow aspi- 
rates were studied for expression of cell-surface antigens by a 
standard indirect immunofluoreseence assay that relied on MoAbs 
in the cluster groups (CD) known to react with T cell-associated 
antigens” (OKT series, Ortho Diagnostics, Raritan, NJ). Isotypic 
myeloma immunoglobulins (Litten-Bionetics, Charleston, SC), at a 
concentration equal to the least dduted MoAb, were used as negative 
controls; samples demonstrating >10% fluorescence with the 
myeloma immunoglobulins were considered unacceptable,’ 

Cryopreserved leukemic cells and normal thymocytes were tested 
for cytoplasmic antigens by immunoperoxidase staining.” Cytocen- 
trifuged cells (1 to2 x 10° per slide) were fixed in cold acetone (4 °C 
for three minutes) and were then stained with either Leu-4 (CD-3) 
or Leu-5b (CD-2) antibody (Becton Dickinson, Mountain View, 
CA) at a 1:10 dilution (25 °C fer 45 minutes) or isotype-matched 
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myeloma immunoglobulins (negative controls). Leu-4 and Leu-5b 
were used in these experiments because they are superior to OKT3 
and OKTI! in the immunoperoxidase assay. Sequentially, with 
washing in phosphate-buffered saline (PBS) between steps, an 
affinity-purified biotinylated horse antimouse IgG (Vector Labora- 
tories, Burlingame, CA) was added (25 °C for 20 minutes), followed 
by avidin DH: biotinylated horseradish perioxidase H complex 
(Vector Laboratories) (25°C for 15 minutes) and, finally, 0.1% 
diaminobenzidine tetrahydrochloride (DAB; Polysciences, War- 
rington, PA).’® 

Cryopreserved leukemic cells were also analyzed for the presence 
of cytoplasmic antigens by flow cytometry.” Briefly, 5 x 10° 
cells/mL. were treated with lysolecithin (lysophosphatidylcholine; 
Sigma, St Louis) at a concentration of 5 g/mL in PBS, pH 7.2, 
without calcium or magnesium (4 °C for three minutes) to perme- 
abilize cell membranes. Washed cells were stained by a standard 
immunofluorescence technique using a twofold excess of either 
Leu-Sb, (CD-2), Leu-4 (CD-3) antibody or isotype-matched immu- 
noglobulins and were analyzed with an EPICS flow cytometer with a 
five-W coherent laser (Coulter, Hialeah, FL). 

DNA analysis. High-mol wt DNA was prepared from bone 
marrow cells as described previously, digested with BamHI, EcoRI, 
or Xbal restriction endonuclease, electrophoresed through a 0.8% 
agarose gel, and transferred to nitrocellulose.” Blots were probed 
with nick-translated DNA, with plasmid pB400 (provided by Dr 
M.J. Owen) used as the source of Ti 8-chain DNA.” This probe 
contains 464 nucleotides of the constant region of C, and 15 bases 
of the joining region; it hybridizes well to both the Ti 8-chain genes. 
Filters were washed and exposed to Kodak XAR film in the presence 
of Dupont Lighting Plus intensifying screens. 

Northern hybridization analysis. The cDNA clones containing 
inserts encoding the human Ti a- and 8-chain genes have been 
described.”!* Inserts containing œ- and -genes were isolated and 
oligolabeled to specific activities of 7 to 20 x 10° cpm/yg of DNA.” 
Total cellular RNA was prepared from leukemic blast cells or the T 
cell line HPB-ALL by a guanidinium/cesium chloride procedure.” 
RNA was denatured in 50% formamide/2.2 mol L formaldehyde, 
electrophoresed in 1% agarose, and transferred to nitrocellulose 
filters. After hybridization for 24 hours, filters were washed in 0.1 
mol saline citrate solution at 50 °C {two washed for F5 minutes). 


RESULTS 


Characteristics of the patients. The clinica! characteris- 
tics of these four boys and one girl (Table 1) were entirely 
consistent with ALL of thymic origin. Leukocyte counts 
exceeded 100 x 10°/L in all children with a median of 222 x 
10°/L (range, 111.6 to 651.2 x 10°/L). Four patients had a 
mediastinal mass. Immunologic evaluation (Table 1) estab- 
lished the T cell origin of the cases, with blast eells from all 
patients reacting strongly with MoAbs that recognize T1! 
(CD-2) (median 88%, range 85% to 95%). The MoAb 
binding patterns indicated that the lymphoblasts in case | 
corresponded with stage I thymocytes, those in cases 2 and 3 
corresponded with stage I] thymocytes, and those in cases 4 
and 5 corresponded with stage HI thymocytes (Table 1). 
Surface T3, by definition, was present only on blasts from 
stage Ill patients (cases 4 and 5); however, cryopreserved 
lymphoblasts from all five patients contained large amounts 
of T3 within the cytoplasm when examined by immuno- 
peroxidase staining (Table | and Fig 1A). Furthermore, a 
higher percentage of cells from patients 4 and 5 contained 
cytoplasmic T3 by immunoperoxidase staining than was 
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Table 1. Clinical Characteristics and Immunologic Findings* 








Patient Number 
1 2 3 4 5 

Age (yr) 65 12.1 10.8 8.4 15.3 
Sex F M M M M 
Mediastinal mass Yes Yes Yes No Yes 
Leukocyte count (x 10°/L) 651.2 201.6 111.6 479.0 222.0 
Hemoglobin (g/dL) 7.8 10.9 7.8 7.0 16.6 
Platelet count {x 10°/L) 17.0 640 93.0 29.0 16.0 
Surface antigens 

T11 (CD-2) 85 95 88 90 86 

T6 (CD-1) 24 51 64 15 14 

T4 (CD-4) 4 87 9 17 17 

T8 (CD-8) 0 86 10 0 8 

T3 (CD-3) 1 7 0 48 89 
Cytoplasmic antigens t 

T3 (CD-3) 90 90 100 100 98 





* All immunologic data are given as percent positive celis. 
+Performed by immunoperoxidase staining. 


evident from surface immunofluorescence testing (Table 1). 
When normal thymocytes were studied by immunoperoxi- 
dase staining, greater than 90% contained cytoplasmic T3 
(Fig 1B). 

Flow cytometric analysis of cryopreserved lymphoblasts 
from patient 2, stained by a standard immunofluorescence 
technique, failed to disclose surface T3; however, when cell 
membranes were disrupted with lysolecithin and then 
stained, 38% of the blasts became positive (Fig 2). The 
lysolecithin treatment did not change the reactivity pattern 
seen with the myeloma immunoglobulin negative control or 
that seen with antibodies T11 and Leu-5 (CD-2). 

Molecular analysis. Rearrangement of the two genes 
encoding the Ti 8-chain can be analyzed as a unit by BamHI 
digestion or separately by EcoRI (C6,) and Xbal (C@)) 
digestions. Table 2 summarizes the results of our analysis of 
the Ti 8-chain gene in DNA from each of the five patients. 
BamHI digestion demonstrated rearranged Ti 6-chain genes 
in blasts from four of our patients (cases 2 through 5). 
Examination of the DNA from patient | by EcoRI and Xbal 
digestions revealed that one CG, gene was rearranged and 
one was deleted, while one C8, gene was rearranged and one 
remained in the germ-line configuration (Table 2). Blast 
cells from patient 2 showed deletion of both C8, genes and 
rearrangement of both C8, genes. In patient 3 the rearrange- 
ments involved only one allele of the C8, gene, and in patient 
5 there was deletion of the C8, gene and rearrangement of 
one of the C8, genes. Patient 4 had an unexpected pattern of 
8-gene rearrangement. The BamHI digestion pattern indi- 
cated that both gene clusters had rearrangements. However, 
analyses with Xbal and EcoRI indicated that both rearran- 
gements were in the C8, genes with persistence of the C£, 
genes in an apparent germ-line configuration. One possible 
explanation for this finding is the presence of a V region 
cluster downstream of the C8, constant region.” 

Total cytoplasmic RNA was analyzed by the Northern 
blot technique to determine if the rearranged Ti -chain 
genes were being transcribed (Fig 3, Table 2}. RNA from 
patients | through 3 and 5 (sufficient cells were not available 
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Fig 2. Fluorescence histograms of leukemic cells stained with 
Leu-4 (CD-3) antibody before (——) and after (----) disruption with 
lysolecithin. A population of cells was stained by the antibody after 
treatment. Negative control antibody binding (----) was not 
affected by treatment. 
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Fig 1. (A) Reactivity of Leu-4 (CD-3) anti- 
body with leukemic blast cells from patient 2, 
detected by the immunoperoxidase staining 
g technique. (B) Reactivity of Leu-4 antibody 
with normal thymocytes detected by the immu- 
noperoxidase staining technique. 


from patient 4) contained a | 3-kilobase (kb) transcript that 
hybridized to the probe for the 8-chain gene (Fig 3). The size 
of this transcript is similar to that in HPB-ALL cells (stage 
III, surface T3 positive) producing the protein; hence, the Ti 
3-chain was probably being synthesized in the blast cells of 
our patients (data not shown for patient 2). When analyzed 
with the a-chain probe, total RNA from patients | through 3 
(surface T3 negative but cytoplasmic T3 positive) lacked 
transcripts of the a-chain gene. By contrast, RNA from 
patient 5 (surface T3 positive) included a |.4-kb band that 
hybridized to the probe (Fig 3). The similarity of this 1.4-kb 
band to mRNA transcripts in HPB-ALL cells (surface T3 
positive) suggests that functional Ti a-chain was being 
synthesized. Thus lymphoblasts from all of the patients we 
studied contained RNA that hybridized to the Ti 8-chain 
gene probe, but only lymphoblasts from patient 5 (surface T3 
positive) contained RNA that hybridized to the Ti a-chain 
probe. 
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Table 2. Relationship of Molecular Findings to Surface and 
Cytoplasmic Antigen Expression 





Patient No. 
1 2 3 4 5 

Surface antigens* 

T11 + + + + + 

T6 - + + — =- 

T4 - + - - — 

T8 - + — -- - 

T3 - - - + + 
Cytoplasmic antigen * 

T3 + = +. + + 
Ti B-chain genes 

Cg, R/D D/D R/G G/G D/G 

Cp, R/G R/R G/G R/R R/G 
RNA transcripts 

8B-Chain gene Yes Yes Yes ND Yes 

a-Chain gene No No No ND Yes 


Abbreviations: R, rearranged; G, germline, D, deleted, ND, not 
determined. 

*A minus sign indicates <35% positive cells, a plus sign 35% or 
greater positive cells. 


DISCUSSION 


Our results demonstrate discordance between the surface 
and cytoplasmic expression of T3 antigen in leukemic cells. 
Cytoplasmic presence of T3 antigen was detected in all 
MoAb-defined stages of development, but surface T3 was 
present only in stage III. Link et al'* have also described 
cytoplasmic T3 expression without surface T3 expression in 
16 of 17 cases of T cell ALL and T cell lymphoblastic 
lymphoma. Additionally we found that greater than 90% of 
the normal thymic cells contain cytoplasmic T3, whereas a 
lower percentage of these cells show surface T3. The results 
with normal thymocytes strongly suggest that cytoplasmic 
T3 positive, surface T3 negative leukemic cells correspond to 
a normal stage in T cell differentiation. 

We also examined the relationship of Ti gene rearrange- 
ment and/or their transcription to cytoplasmic and surface 
T3 expression in T cell ontogeny. Similar to other investiga- 
tors, %7 we found Ti -chain gene rearrangements in 
leukemic cells representing all three stages of thymocyte 
development. We could not examine DNA for rearrange- 
ments of Ti a-chain genes, as probes suitable for completely 
examining the full length of this estimated 50-kb gene are 
not yet available.” Lacking a pan-Ti antibody, we examined 
total RNA from four cases for the presence of æ- and 8-chain 
transcripts in an effort to clarify the differential expression of 
genes encoding the T cell receptor in lymphoblasts. This 
analysis indicated that transcripts of the Ti 8-chain gene are 
present even in the earliest stage of T cell differentiation 
detectable by MoAbs. In patients with blasts containing 
cytoplasmic T3 but not surface T3, we could not demonstrate 
Ti a-chain gene transcripts. However, in surface T3-positive 
lymphoblasts, both 6- and a-chain transcripts were present. 
A similarly ordered transcription of œ and 8 Ti genes has 
been seen during intrathymic ontogeny.” The findings we 
report expand our understanding of thymocyte development. 
T cells containing Ti 8 mRNA and presumably expressing 
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Fig 3. Northern blot analysis of total cellular RNA to identify 
transcripts of Ti 8- and a-chain genes. -Chain gene: lane 1 
contains control RNA from HPB-ALL cells (surface T3`), lane 2 
contains RNA from patient 1 (cytoplasmic T3*, surface T3 ), lane 
3 contains RNA from patient 3 (cytoplasmic T3', surface T3), and 
lane 4 contains RNA from patient 5 (surface T3° ). a-Chain gene: 
lane 1 contains RNA from patient 5, lane 2 contains contro! RNA 
from HPB-ALL cells, lane 3 contains RNA from patient 1, and lane 4 
contains RNA from patient 3. No a-chain gene hybridizing bands 
are evident in lanes 3 and 4 (patients 1 and 3). 


the 8-chain protein but lacking Ti a mRNA and protein 
would appear to be analogous to pre-B cells where the heavy 
chain Ig gene protein but not the light-chain Ig gene protein 
is expressed.” These pre-T cells would include both stage |! 
and II thymocytes in the Reinherz et al schema. ' 

Taken together, our results on the cytoplasmic and surface 
expression of T3 and transcription of a and 8 Ti genes 
suggest that transcription of the a-chain gene is a critical 
regulatory event in Ti formation and transport of the T3 
antigen to the cell surface. It is possible that in lymphoblasts 
the Ti a-chain genes are rearranged, but no mRNA is 
produced because of nonproductive somatic rearrangements, 
similar to the situation with immunoglobulin genes. The 
differentiation sequence we have identified in leukemia 
appears identical to that occurring in normal thymo- 
cytes." 

Leukemic blast cells from all patients and most thymo- 
cytes expressed surface T11 (CD-2), contained rearranged 
and transcribed Ti 8-chain genes, and had cytoplasmic T3. 
Since this manuscript was submitted, results similar to these 
have been reported by Furley et al, and these investigators 
have identified thymocytes with cytoplasmic T3 without Ti 
8-chain rearrangement.” Taken together, our results and 
those of Furley et al indicate that the hierarchy of T cell gene 
rearrangements and expression (T11, T3, Ti, and others) is 
much more complex than first thought and will require 
further combined immunologic and molecular studies with 
thymocytes and leukemic T cells to be fully elucidated. 


ACKNOWLEDGMENT 


We wish to thank Drs M.J. Owen and T. Mak for their kind gifts 
of gene probes and J. Gilbert for assistance in writing the manu- 
script. 


912 


MIRRO ET AL 


REFERENCES 


1. Reinherz EL, Kung PC, Goldstein G, Levey RH, Schlossman 
SF: Discrete stages of human intrathymic differentiation: Analysis 
of normal thymocytes and leukemia lymphoblasts of T-cell lineage. 
Proc Natl Acad Sci USA 77:1588, 1980 

2. Acuto O, Hussey RE, Fitzgerald KA, Protentis JP, Mauer SC, 
Schlossman SF, Reinherz EL: The human T cell receptor: Appear- 
ance in ontogeny and biochemical relationship of a and 8 subunits on 
IL-2 dependent clones and T-cell tumors. Cell 34:717, 1983 

3. Samelson LE, Germain RN, Schwartz RH: Monoclonal anti- 
bodies against the antigen receptor on a cloned T-cell hybrid. Proc 
Natl Acad Sci USA 80:6972, 1983 

4. Reinherz EL, Acuto O, Fabbi M, Bensusson A, Milanese C, 
Royer HD, Meuer SC, Schlossman SF: Clonotypic structure on 
human T-lymphocytes: Functional and biochemical analysis of the 
antigen receptor complex. Immunol Rev 81:95, 1984 

5. Meuer SC, Acuto O, Hussey RE, Hodgdon JC, Fitzgerald KA, 
Schlossman SF, Reinherz EL: Evidence for the T3-associated 90K 
heterodimer as the T-cell antigen receptor. Nature 303:808, 1983 

6. Hedrick SM, Nielsen EA, Kavaler J, Cohen DI, Davis MM: 
Sequence relationships between putative T-cell receptor polypep- 
tides and immunoglobulins. Nature 308:153, 1984 

7. Siu G, Clark SP, Yoshikai Y, Malissen M, Yonogi Y, Strauss 
E, Mak TW, Hood L: The human T-cell antigen receptor is encoded 
by variable, diversity and joining gene segments that rearrange to 
generate a complete V gene. Cell 37:393, 1984 

8. Reinherz EL, Meuer SC, Fitzgerald KA, Hussey RE, Levine 
H, Schlossman SF: Antigen recognition by human T-lymphocytes is 
linked to surface expression of the T3 molecular complex. Cell 
30:735, 1982 

9. Meuer SC, Fitzgerald KA, Hussey RE, Hodgdon JC, Schloss- 
man SF, Reinherz EL: Clonotypic structures involved in antigen- 
specific human T-cell function: Relationship to the T3 molecular 
complex. J Exp Med 157:705, 1983 

10. Ohashi PS, Mak TW, Van den Elsen P, Yanagi Y, Yoshekai 
Y, Colman AF, Terhorst C, Stobo JD, Weiss A: Reconstitution of an 
active surface T3/T-cell antigen receptor by DNA transfer. Nature 
316:606, 1985 

11. Aisenberg AC, Krontiris TG, Mak TW, Wilkes BM: Rear- 
rangement of the gene for the beta chain of the T-cell receptor in 
T-cell chronic lymphocytic leukemia and related disorders. N Engl J 
Med 313:529, 1985 

12, Tawa A, Hozumi N, Minden M, Mak TW, Gelfand EW: 
Rearrangement of the T-cell receptor 8-chain gene in non-T-cell, 
non-B-cell acute lymphoblastic leukemia of childhood. N Engl J 
Med 313:1033, 1985 

13. Minden M, Toyonaga B, Ha K, Tanagi Y, Chin B, Gelfand E, 
Mak T: Somatic rearrangements of T-cell antigen receptor gene in 
human T-cell malignancies. Proc Natl Acad Sci USA 82:1224, 
1985 

14. Korsmeyer SJ, Arnold A, Bakhski A, Ravetch JV, Siebenlist 
U, Heiter PA, Sharrow SO, LeBien TW, Kersey JH, Poplack DG, 
Leder P, Waldman TA: Immunoglobulin gene rearrangement and 
cell surface antigen expression in acute lymphocytic leukemia of 
T-cell and B-cell precursor origins. J Clin Invest 71:301, 1983 

15. Haynes BF: Summary of T-cell studies performed during the 
Second International Workshop and Conference on Human Leuko- 
cyte Differentiation Antigens, in Reinherz EL, Haynes BF, Nadler 
LM, Bernstein ID (eds): Leukocyte Typing H. New York, Springer- 
Verlag, 1985, p 3. 


16. Mirro J, Zipf TF, Pui C-H, Kitchingman G, Wilkams D, 
Melvin 5, Murphy SB, Stass S: Acute mixed lineage leukemia: 
Clinicopathologic correlations and prognostic significance. Blood 
66:1115, 1985 

17. Mason DY, Farrell C, Taylor CR: The detection of intracel- 
lular antigens in human leukocytes by immunoperoxidase staining. 
Br J Haematol 31:361, 1975 

18. Link MP, Stewart SJ, Warnke RA, Levy R: Discordance 
between surface and cytoplasmic expression of the Leu-4 (T3) 
antigen in thymocytes and in blast cells from childhood T-4mpho- 
blastic malignancies. J Clin Invest 76:248, 1985 

19. Schroff RW, Bucana CD, Klein RA, Farrell MM, Morgan 
AC Jr: Detection of intracytoplasmic antigens by flow cytometry. J 
Immunol Methods 70:164, 1984 

20. Southern EM: Detection of specific sequences ameng DNA 
fragments separated by gel electrophoresis. J Mol Bicl 98:503, 
1975 

21. Collins MKL, Kissonerghis AM, Dunne MJ, Watson CJ, 
Rigby PWJ, Owen MJ: Transcripts from an aberrantly rearranged 
human T-cell receptor 8-chain gene. EMBO J 4:1211, 1985 

22. Yoshikai Y, Clark SP, Taylor 5, Sohn U, Wilson Bi, Minden 
MD, Mak TW: Organization and sequences of the variabie. joining 
and constant region genes of the human T-cell receptor «-chain. 
Nature 316:837, 1985 

23. Feinberg AP, Vogelstein B: A technique for radiclabeling 
DNA restriction endonuclease fragments to high specifie activity. 
Anal Biochem 132:6, 1983 

24, Maniatis T, Fritsch EF, Sambrook J: Extraction, purifica- 
tion, and analysis of mRNA from eukaryotic cells, in Maniatis T, 
Fritsch EF, Sambrook J (eds}: Molecular Cloning (A Laboratory 
Manual). New York, Cold Spring Harbor Laboratory, 1982. p 196 

25. Malissen M, McCoy C, Blanc D, Trucy J, Devaux C, 
Schmitt-Verhulst A-M, Fitch F, Hood L, Malissen B: Direct 
evidence for chromosomal inversion during T-cell receptor -gene 
rearrangements. Nature 319:28, 1986 

26. Royer HD, Acuto O, Fabbi M, Tizard R, Ramacherdran K, 
Smart JE, Reinherz EL: Genes encoding the Ti § subuar of the 
antigen/ MHC receptor undergo rearrangement during intrathymic 
ontogeny prior to surface T3-Ti expression. Cell 39:261, 1984 

27. Sim GK, Yague J, Nelson J, Marrack P, Palmer E, Augustin 
A, Kappler J: Primary structure of human T-cell receptor alpha- 
chain. Nature 312:771, 1984 


28. Collins MKL, Tanigawa G, Kissonerglis AM, Ritter MM, Price 
KM, Tonegawa S, Owens ML: Regulation of T-cell receptor gene 
expression in human T-cell development. Proc Natl Acad Sci USA 
82:4503, 1985 

29. Royer HD, Ramarli D, Acuto O, Campen TJ, Reinherz EL: 
Genes encoding the T-cell receptor a and @ subunits are transcribed 
in an ordered manner during intrathymic ontogeny. Proc Natl Acad 
Sci USA 82:5510, 1985 

30. Vogler LB, Crist WM, Bockman DW, Pearl ER, Cooper 
MD: Pre-B cell leukemia. A new phenotype of childhood lympho- 
blastic leukemia. N Eng] J Med 298:872, 1978 

31. Furley AJ, Mizutani 5, Weillaecher K, Dhaliwal H5, Ford 
AM, Chan LC, Molgaard HV, Toyonaga B, Mak T, van den Elsen 
P, Gold D, Terhorst C, Greaves MF: Developmentally regulated 
rearrangement and expression of genes encoding the T cell receptor- 
T3 complex. Cell 46:75, 1986 


The Influence In Vivo of Murine Colony-Stimulating Factor-1 
on Myeloid Progenitor Cells in Mice Recovering 
From Sublethal Dosages of Cyclophosphamide 


By Hal E. Broxmeyer, Douglas E. Williams, Scott Cooper, Abdul Waheed, and Richard K. Shadduck 


Pure murine colony-stimulating factor-1 (CSF-1) was 
assessed for its effects in vivo in mice pretreated seven 
days earlier with a sublethal dosage of cyclophosphamide. 
The multipotential (CFU-GEMM), erythroid (BFU-E), and 
granulocyte-macrophage (CFU-GM) progenitor cells in 
these mice were in a slowly cycling or noncycling state. 
intravenous administration of 20,000 units of CSF-1 to 
these mice stimulated the hematopoietic progenitors into a 
rapidly cycling state in the marrow and spleen within three 
hours. Significant increases in absolute numbers of mar- 
row and spleen CFU-GM and spleen BFU-E and CFU-GEMM 
were also detected. No endotoxin was detected in the 
CSF-1 preparation by Limulus lysate assay, and treatment 


IOLONY-STIMULATING FACTOR-1 (CSF-1), 
macrophage CSF, is one of a group of CSFs defined 
operationally by their ability to stimulate colony formation 
by hematopoietic progenitor cells in semisolid culture 
medium,'? although it is apparent that CSFs can also 
influence the functional capacity of more mature cells.*° 
CSF-1 from human and murine sources have been purified to 
homogeneity” and the complementary DNA for CSF-1 
derived from a human cell line has been cloned and 
expressed.'° Information is available on the production," 
receptor-binding capability, >° and actions in vitro of 
CSF-1,>° but there is a paucity of information on the effects 
of CSF-1 in vivo?” and evidence that CSF-1 may function 
in vivo is mainly indirect. 

The present studies were designed to evaluate the short- 
term effects in vivo of a single injection of endotoxin-free 
purified murine CSF-1 on myelopoiesis in mice pretreated 
with a sublethal dosage of cyclophosphamide. It was rea- 
soned that it might be easier to detect an effect of exoge- 
nously administered CSF-1 in mice in which the proliferative 
status of hematopoietic progenitor cells was suppressed dur- 
ing the overbound phase of myelopoiesis resulting from the 
cytotoxic effects of cyclophosphamide. This model allowed 
the detection of a significant proliferative effect of CSF-1 in 
vivo on bone marrow granulocyte-macrophage (CFU-GM) 
and macrophage (CFU-M) progenitor cells and on spleen 
CFU-GM, multipotential (CFU-GEMM), and erythroid 
(BFU-E) progenitor cells. 


MATERIALS AND METHODS 


Mice. (C57B1/6 x DBA/2) F, (BDF,) mice, 6 to 8 weeks old, 
were purchased from Cumberland View Farms (Clinton, TN). 

Molecules. L cell CSF (CSF-1) was produced by the growth of 
murine L cells in serum-free CMRL 1066 medium.’ A 10-L pool of 
conditioned medium was purified by affinity chromatography" and 
had a specific activity of 2.3 x 10’ U/mg of protein when assayed by 
the in vitro growth of murine bone marrow colonies. This material 
was subjected to sucrose gradient centrifugation as a means of 
removing any potential endotoxin.” After centrifugation at 100,000 
g for 18 hours, the upper third of the sucrose gradient was aspirated 
and diluted in 0.1 mmol/L Tris-HCL containing 0.3% polyethylene 
glycol 4000 as a stabilizing agent. A control solution was prepared 
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of CSF-1 at 100°C for 20 to 30 minutes completely 
inactivated the in vitro and in vivo stimulating effects. The 
effects of CSF-1 were not mimicked by the in vivo adminis- 
tration of 0.1 to 10 ng Escherichia coli lipopolysaccharide. 
These results suggest that the effects of CSF-1 in vivo 
were not due to contaminating endotoxin or to a nonspe- 
cific protein effect. CSF-1 did not enhance colony forma- 
tion by BFU-E or stimulate colony formation by CFU-GEMM 
in vitro, thus suggesting that at least some of the effects of 
CSF-1 noted in vivo are probably indirect and mediated by 
accessory cells. 

© 1987 by Grune & Stratton, inc. 


using the upper third of a sucrose gradient that did not contain CSP. 
The CSF-1 was injected in a volume of 0.2 mL and had no detectable 
endotoxin as determined by the Limulus lysate assay (Sigma 
Chemical Co, St Louis), which can detect endotoxin concentrations 
down to 0.5 ng/mL. Cyclophosphamide (Cytoxan, Bristol Myers 
Oncology Division, Syracuse, NY) was diluted in sterile pyrogen- 
free water prior to intraperitoneal (IP) injection. 

Cell preparation. Both femurs were excised and the shafts 
cleaned of residual muscle tissue. The ends of cach bone were then 
carefully cut off without exposing the marrow cavity, To wash cells 
out of the femurs, a sterile 27-gauge needle was forced into the upper 
and lower end of the femur to allow fluid to pass through the bone. 
Cells were then flushed from each femur by passing 5 mL of ice cold 
McCoy’s SA medium (GIBCO, Grand Island, NY) through cach 
bone. Medium was forced through both ends of each bone to ensure 
that the maximum number of cells was removed from each bone 
shaft. Cells from two femurs per animal were pooled and single-cell 
suspensions made by passage through a 23-gauge needle. Spleens 
were removed and placed in 60 x 15-mm tissue culture dishes 
containing 10 mL of McCoy's 5A medium. Spleens were forced 
through a sterile wire mesh screen several times using the sterile 
barrel of a 10 mL syringe. Single-cell suspensions were made as for 
marrow cells by passing cells through a 23-gauge needle. The 
viability of suspended marrow and spleen cells was routinely > 98%, 
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ACTION OF MURINE CSF-1 IN MICE 


Analysis of hematopoietic progenitor cells in vitro. The assay 
for CFU-GM was performed as described by using pokeweed 
mitogen mouse spleen cell conditioned medium (PWMSCM) as a 
source of CSF.* Bone marrow and spleen cells from cyclophospha- 
mide-treated mice were plated respectively at 2 x 10° and 2.5 x 10° 
cells/mL in 0.3% agar culture medium (Difco Laboratories, Detroit) 
that included McCoy’s SA medium supplemented with essential and 
nonessential amino acids, glutamine, serine, asparagine, and sodium 
pyruvate (GIBCO) with 10% prescreened heat-inactivated (56 °C 
for one-half hour) fetal bovine serum (Hyclone, Logan, UT). 
Colonies (>50 cells/aggregate) were scored after seven days of 
incubation. For colony morphology, agar cultures were overlaid with 
1 mL of 0.5% glutaraldehyde (Sigma) in 0.1 mol/L phosphate 
buffer. After six minutes, the glutaraldehyde was removed, and 2 
mL absolute methanol was added to the plates. After the methanol 
evaporated (12 to 18 hours) the fixed cultures were submerged in 
distilled water. After rehydration, the agar pellicles were floated 
onto clean glass slides and allowed to dry. For identification of 
colonies containing granulocytes and monocytes / macrophages, the 
colonies were stained for 45 minutes with a-naphthyl acetate ester- 
ase (Sigma Kit #90-A1) and counterstained with Mayer's hematox- 
ylin for ten minutes. The slides were washed, dried at room tempera- 
ture, mounted (Permount, Fisher, St Louis) and scored at 400x. 
Monocytes /macrophages were enumerated based on their morphol- 
ogy and the characteristic black cytoplasmic granulation. Granulo- 
cytes were nonspecific esterase~negative and had characteristic 
nuclear morphology. 

The assay for BFU-E-2 was plated at | x 10° cells/mL for 
marrow and 2.5 x 10‘ cells/mL for spleen from cyclophosphamide- 
treated mice in a l-mL mixture of Iscove’s modified Dulbecco's 
medium (GIBCO), 0.8% methylcellulose, 30% prescreened fetal 
bovine serum (Hyclone), 5 x 10°° mol/L 2-mercaptoethanol, 1 unit 
of erythropoietin (Hyclone), and 0.1 mmol/L hemin (Eastman 
Kodak, Rochester, NY). Hemin increases colony formation by 
BFU-E and CFU-GEMM.* BFU-E-1 and CFU-GEMM assays 
were set up as for BFU-E-2 except that 1% vol/vol PWMSCM was 
added and colonies were scored from the same plates. Cells were 
plated at 1.0 x 10° cells/mL for bone marrow and 5 x 10’ to 2.5 x 
10° cells/mL for spleen BFU-E-1 and CFU-GEMM assays. BFU- 
E-2, BFU-E-1, and CFU-GEMM assays were scored after six to 
seven days of incubation. The terms BFU-E-2 and BFU-E-1 are 
operational only because the colonies derived from BFU-E-1 were 
much larger than those derived from BFU-E-2. It is possible that 
BFU-E-1] may represent a more immature progenitor than BFU- 
E-2, although this has not been proved. 

Cells were incubated in a humidified environment at lowered (5%) 
oxygen tension. Low oxygen tension was maintained using an 
Oxyreducer (Reming Bioinstruments, Rochester, NY) since lowered 
oxygen tension increases the incidence of colonies derived from 
hematopoietic progenitor cells.” 

Cycle status of hematopoietic progenitor cells. To estimate the 
proportion of progenitors in DNA synthesis (S-phase), cells were 
treated with either McCoy’s medium or 50 „Ci tritiated thymidine 
GHTdR, New England Nuclear, Boston; specific activity, 20 Ci/ 
mmol). After a 20-minute incubation at 37 °C, the cells were washed 
once in a buffer containing ice cold thymidine (2,000 ug), twice more 
in McCoy’s medium, and then plated into the CFU-GM, BFU-E, 
and CFU-GEMM assays. The reduction in the number of colonies 
after exposure of the cells to *HTdR compared with the control 
(McCoy’s medium) estimates the proportion of progenitor cells in 
cycle just prior to the assay for colony formation. The results are 
given as the percentage of cells in S-phase. A negative number 
means that more colonies formed after the cells were exposed to 
3HTdR than after the cells were exposed to McCoy's medium. In 
some select cases, cells were also exposed to 500 ug thymidine or 50 
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Ci *'HTdR plus 500 ug thymidine as controls for the S-phase 
specificity of the treatments. In all cases, the numbers of colonies 
formed were statistically similar whether the cells were exposed to 
McCoy’s medium, thymidine, or “HTdR plus thymidine. The per- 
centage of cells in S-phase was based on control colony counts from 
cells pulsed with McCoy’s medium that ranged from 50 to 185, 18 to 
37, 1S to 41, and 14 to 45, respectively, for the CFU-GM, BFU-E-2, 
BFU-E-1, and CFU-GEMM assays. 

Experimental protocols. The details of these are described in 
Results and in the tables. The numbers of mice used are given in the 
table legends. After sacrifice, the marrow from the two femurs of 
each mouse was pooled. This marrow and the spleen of each mouse 
were assayed separately. Cells from different mice were not pooled. 

Statistical analysis. Three plates were scored for each CFU- 
GM sample, and two plates were scored for each BFU-E-2 or 
BFU-E-1/CFU-GEMM sample. The results are expressed as the 
mean +1 SEM, and these are derived from the averages of the 
colony counts from each of the individual mice within a group. The 
probability of significant differences between groups or samples was 
determined with the use of Student’s f test. 


RESULTS 


Influence of CSF-1 and Escherichia coli lipopolysacchar- 
ide in mice pretreated with cyclophosphamide. In prelimi- 
nary experiments we noted that the cycling status of myeloid 
progenitor cells was significantly decreased in the bone 
marrows and spleens removed from mice seven days after IP 
administration of cyclophosphamide (200 mg/kg body 
weight) when compared with cells from untreated mice (data 
not shown). Cyclophosphamide-pretreated mice were thus 
used to evaluate the potential proliferative effects of CSF-1 
in vivo on myeloid progenitors. The mice were injected IP 
with 200 mg cyclophosphamide followed by a second intrave- 
nous (IV) injection seven days later with control diluent, 
20,000 units CSF-1, 20,000 units CSF-1 that had been 
treated at 100 °C for 20 to 30 minutes, or with 0.1 to 10 ng 
E coli lypopolysaccharide and sacrificed three hours later. 
The results for the averages of two to five separate experi- 
ments are shown in Table 1. In five experiments, CSF-1 had 
no significant effect on nucleated marrow or spleen cells but 
significantly increased the absolute numbers of marrow 
CFU-GM and splenic CFU-GM, BFU-E-2, and CFU- 
GEMM. CSF-1 also significantly increased the percentage 
of marrow CFU-GM and splenic CFU-GM, BFU-E-2, 
BFU-E-1, and CFU-GEMM in cycle. The numbers of 
marrow BFU-E and CFU-GEMM were too low to evaluate. 
The increase in cycling CFU-GM was apparent for granulo- 
cyte and granulocyte-macrophage progenitors as well as for 
macrophage progenitors (Table 2). Control diluent had no 
effects on any of the parameters evaluated that were signifi- 
cantly different from that of sterile pyrogen-free saline (data 
not shown). 

Heat-treated CSF-1 and E coli lipopolysaccharide were 
used as controls. The effect of heating CSF-1 in vitro at 
100 °C for 5, 10, and 20 minutes was assessed on the activity 
of CSF-1 in vitro. Fifty units of untreated CSF-1 stimulated 
101 + 7 colonies and 203 + 17 colonies plus clusters per 
7.5 x 10‘ bone marrow cells from untreated mice. After heat 
treatment of CSF-1, colony, and colony plus cluster, the 
numbers were reduced to6 + l and 44 + 1,Qand2 + l and0 
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Table 2. Influence of Purified CSF-1 In Vivo on Cycling Status of Granulocyte-Macrophage Progenitor Cells 





Colony Morphology (%) 


Treatment Colonies per Rake eect ee eee eer 
Animal in Vitro With No. of Celis Plated (%A) G M GM 

Bone Marrow 
No. 1 Control medium 57 +5 2 65 33 
*HTdr 24 + 3(—58)* 3 64 33 
No, 2 Control medium 48 +2 5 61 34 
3HT dr 16 + 1(—67}* 1 66 33 
No. 3 Control medium 82 +3 1 68 31 
*HT dr 20 + 2 (-~ 76}* 1 65 34 

Spleen 

No. 1 Control medium 85 + 1 8 50 32 
“HT dr 47 + 4(-45)* 17 52 31 
No. 2 Control medium 79 +3 9 58 23 
"HT dr 45 + 2(—43)}* 6 50 34 
No. 3 Control medium 109 +3 5 74 21 
HTdr 58 + 5 (~47)* 8 63 23 





The mice were injected IP with 200 mg Cytoxan/kg. Seven days later the mice were injected IV with 20,000 units purified CSF-1, and the mice were 
sacrificed three hours later. Results shown are for three mice each receiving CSF-1 in vivo. The numbers in parentheses cesignate the percent change 


from control (9A). 


Abbreviations: G, granulocyte: M, macrophage; GM, granulocyte-macrophage. 


“Significant percent change from control, P at least <.05. 


and 0 respectively for preparations of CSF-1 heat-treated for 
5, 10, and 20 minutes. In another experiment, CSF-! stimu- 
lated 33 + 2 colonies and 114 + 7 colonies plus clusters in 
vitro, whereas CSF-! heat-treated at 100 °C for 30 minutes 
stimulated no colonies and 1.3 + 0.7 clusters. In each of these 
experiments the background growth in the absence of CSF-1 
was <2 small clusters. Based on this information, CSF-1 was 
treated at 100 °C for 20 minutes (two experiments) or for 30 
minutes (two experiments) and compared with untreated 
CSF-! for its effects in vivo (Table 1). Heat-treating the 
CSF-1 inactivated its effects in vivo. The administration of 
0.1, 1.0, or 10 ng E coli lipopolysaccharide to mice in vivo 
(Table 1) had no significant enhancing effect on myelopoie- 
sis and in some cases resulted in significant decreases. 

In two experiments the marrow and splenic morphology 
was evaluated. The percentage of marrow cells from mice 
treated with control diluent was 5% to 8% myeloblasts and 
promyelocytes, 66.5% to 73% myelocytes, 12.5% to 13.5% 
metamyelocytes and bands, 0.5% to 1.5% polymorphonu- 
clear cells (PMN), 4% to 5% monocytes, 2.5% to 4% 


lymphocytes, and 0.5% to 2.5% nucleated erythroid cells. 
The percentage of splenic cells from mice treated with 
control diluent was 7% to 8.5% myeloblasts and promyelo- 
cytes, 29% to 31% myelocytes, 19% to 21.5% metamyelo- 
cytes and bands, 9.5% to 12.5% PMN, 2.5% to 4% mono- 
cytes, 18% to 21% lymphocytes, and 5.5% to 10% nucleated 
erythroid cells. These differentials were not significantly 
changed by administration to the cyclophosphamide-pre- 
treated mice of CSF-1, heat-treated CSF-1, or 0.1, 1, or 10 
ng E coli lipopolysaccharide. 

Influence of CSF-1 in vitro. The effects of CSF-1 on 
erythroid and multipotential progenitors was of interest, 
since we could not detect burst-promoting activity (BPA) or 
mixed colony (CFU-GEMM) activity in the CSF-1 prepara- 
tion during assay in vitro. At higher concentrations, CSF-| 
decreased colony formation by BFU-E (Table 3). 


DISCUSSION 


Purified murine CSF-1 that is essentially free of endotoxin 
(<0.1 ng/injection) has significant stimulating effects on 


Table 3. Influence of Pure Murine CSF-1 and PWMSCM on Colony Formation by Murine Marrow BFU-E and CFU-GEMM 


mate ca AY tat 








Colonies 
Exp 1 Exp 2 Exp 3 
Treatment BFU-E CFU-GEMM BFU-E CFU-GEMM BFU-E CFU-GEMM 
McCoy's Medium CSF-1 271+ 1 0.5 + 0.5 1222 2+ 1 722 Q 
200 units 10 + 0* 0 ~ — 
100 units 7+ 1* 0 3+ 1* 1+0 3+ 1* 0 
50 units 13 + 4* 0 4+2¢ 2+1 4+ 1* 0 
25 units 16 + 1* 0.5 + 0.5 10 + 1 22:1 8+2 0 
10 units 21+2 0.5 + 0.5 92 t41 6+ 1 0 
PWMSCM (5% vol/vol) 35 + 2+ 20 + i+ 21+ 3f tt ił 24 + 2+ 15 + 2+ 





AEEA OARA AANA rini vitrni araara inde AAAA eT Te 


Bone marrow cells from untreated BDF, mice were plated at 7.5 x 10*/mi. in the presence of 1 unit erythropoietin and 0.1 mmol/L hemin. Colonies 


were scored after seven days of incubation. 
*Significant decrease from control medium, P at least <.05. 
+Significant increase from control medium, P at least <.05. 





ACTION OF MURINE CSF-1 IN MICE 


marrow and splenic hematopoietic progenitor cells when 
administered to mice seven days after injection with a 
sublethal dose of cyclophosphamide. Within three hours of 
the injection of CSF-1 into mice, the CFU-GEMM, BFU-E, 
and CFU-GM were induced from a slowly cycling or noncy- 
cling state into a rapidly cycling state. Additionally, signifi- 
cant stimulating effects were detected on absolute numbers 
of marrow and spleen CFU-GM and spleen BFU-E and 
CFU-GEMM. At this time we did not detect a significant 
effect on the total nucleated marrow, spleen, or peripheral 
blood counts or differentials (data not shown). Of interest 
and potential relevance is the fact that the effects of CSF-1 
in vivo were more evident on induction of cycling of progeni- 
tors than on changes in progenitor cell numbers. We chose to 
evaluate the mice three hours after CSF-1 administration 
because CSF-1 can induce the release in vitro of prostaglan- 
din E,” acidic isoferritins,* interferon-a,"”? and tumor 
necrosis factor” from monocytes/macrophages and these 
molecules have suppressive effects in vitro for myeloid pro- 
genitor cells. The CSF-1-induced release of these suppressor 
molecules is usually first detected 12 to 24 hours after the 
addition of CSF-1 to the cell cultures. It was hoped that by 
assessing mice within three hours after the administration of 
CSF-1 in vivo we might obviate the potential CSF-1 induc- 
tion of suppressor molecules, which might have masked the 
stimulating effects of CSF-1. 

Since endotoxin was not detected in our preparation of 
CSF-1, at least within the limits of the Limulus lysate assay, 
it does not appear likely that the effects of CSF-1 in vivo are 
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due to contaminating endotoxin. This belief is further sup- 
ported by our studies demonstrating that treatment of CSF-1 
at 100°C for 20 to 30 minutes inactivated its stimulating 
capacity both in vitro and in vivo. This treatment would not 
have inactivated endotoxin.” Moreover, the administration 
of 0.1 to 10 ng E coli lipopolysaccharide to these mice did not 
mimic the effects of CSF-1!. The studies with heat- 
inactivated CSF-1 were also important as controls for the 
potential nonspecific stimulating effects of proteins in gener- 
al. 

It is not possible to conclude from these studies whether 
the effects of CSF-1 in vivo are direct ones on the hemato- 
poietic progenitor cells in the marrow and spleen, whether 
these effects are mediated through an action on accessory 
cells present in the blood, marrow, or spleen, or whether the 
actions are both direct and indirect. Although CSF-1 can 
stimulate colony formation by granulocytes, granulocytes 
plus macrophages, and macrophages in vitro from an unsepa- 
rated population of marrow cells," we did not detect BPA 
or multipotential (CFU-GEMM)}) activities in vitro with our 
preparation of CSF-1. CSF-1 can induce the elaboration of 
other species of CSF from cells in vitro,” ?" and it is 
probable that at least some of the effects noted in vivo are 
mediated through the induced release by CSF-1 of other 
growth factors for hematopoietic progenitor cells. 
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Monoclonal Anti-Light Chain Idiotype as a Tumor-Specific Probe 
for Human Neoplastic B Lymphocytes 


By M. Wrightham, A.L. Tutt, M.J. Glennie, T.J. Hamblin, G.T. Stevenson, and F.K. Stevenson 


Tumor cells from patients with B cell neoplasms often 
secrete small amounts of free monocional light chains that 
can be found in the urine. Such tumor-derived light chains 
of the à type from a patient with typical chronic lympho- 
cytic leukemia have been used to raise mouse monoclonal 
antibodies (MoAbs). A hybridoma-secreting antibody that 
recognized the idiotypic À chain but not normal A chains by 
a preliminary screen but which also reacted with idiotypic 
igM from the patient's tumor cells was selected. This 
MoAb in fact recognized 1 in 20 x 10° molecules of pooled 
normal A chains, thus establishing its specificity for a 
private idiotypic determinant. It failed to give a detectable 
reaction with normal IgM, normal serum, or a panel of IgM 
paraproteins. The antibody bound to the patient's neoplas- 


HE IDIOTYPIC determinants of the surface immuno- 
globulin (Ig) of neoplastic B lymphocytes represent a 
molecularly defined tumor-associated antigen.’ Antibodies 
specific for these determinants have been used for treatment 
of human lymphoma with some indication of success, 
although difficulties remain.*? Monitoring of disease with 
anti-idiotype, however, either by identification of tumor cells 
or by assay of free serum idiotype, presents few problems.*° 

Nevertheless, difficulty in raising such antibodies has 
prevented widespread use by clinicians, since idiotypic lg for 
immunization must first be obtained from the tumor cells, 
perhaps from a small biopsy, either by enzyme digestion® or 
by rescue hybridization,’ neither of which is a routine 
procedure. The use of impure immunogen such as tumor cells 
or membrane preparations, although possible, yields only a 
small proportion of anti-idiotypic hybridomas from which to 
select. The use of an alternative source of immunogen, such 
as the monoclonal light chain derived from tumor cells and 
found in urine, therefore could represent a simplification of 
the approach. 

In a study of patients with non-Hodgkin’s lymphoma, 
23/24 patients had tumor cells that secreted free monotypic 
light chains.’ In a separate investigation of random urine 
samples from patients with B cell disease, about 50% showed 
monoclonal light chain by sensitive isoelectric focusing.® 
Presumably the level of the urinary light chain depends 
partly on tumor load. Such light chains can be prepared by 
simple immunosorption methods and have been used previ- 
ously to raise polyclonal antisera for four patients with 
chronic lymphocytic leukemia (CLL).? One notable finding 
was that these four antisera, rendered specific for idiotype by 
absorption, recognized the cell surface IgM on tumor cells 
from the original patients. The finding was unexpected, since 
in the reciprocal situation anti-idiotype raised against com- 
bined (heavy plus light chain) idiotype usually does not 
recognize free light chain.'® 

To analyze more critically whether the same antibody 
could recognize both free and combined light chain idiotype, 
we have raised a monoclonal antibody (MoAb) with this dual 
recognition. We have also compared it with a conventional 
anti-idiotypic antibody raised against idiotypic IgM from the 
same patient. 
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tic B cells but not to normal tonsillar celis. The site of 
binding of the antibody to idiotypic IgM is clearly separate 
from that of another MoAb specific for idiotypic determi- 
nants on heavy plus light chains, since the two showed 
additive binding curves. The determinant aiso appeared to 
be less available in dimeric À chains than in monomeric A 
chains or in idiotypic IgM. Antibodies to idiotypic determi- 
nants on light chains show some technical advantages and 
should be useful for monitoring and possibly treating B ceil 
tumors, either alone or together with the more conven- 
tional anti-idiotypic antibodies that usually recognize the 
heavy and light chain combination. 

© 1987 by Grune & Stratton, Inc. 


MATERIALS AND METHODS 
Patient and Cell Preparation 


The male patient LP, aged 50 years, presented with typical CLI. 
with a WBC of 50 x 10°/L consisting of >95% neoplastic B cells 
that expressed IgM and IgD, both with the A light chain, on the 
surface with no detectable intracellular Ig. A bone marrow sample 
also showed heavy infiltration with tumor cells, >90% expressing 
le MDA. Serum immunoglobulins were at the low end of the normal 
range, and no paraprotein was detected on routine electrophoresis. 
Cells were prepared from peripheral blood and were usually frozen 
in a controlled cell freezer unit for subsequent investigation.” Urine 
was collected as 24-hour samples directly into bottles containing 3 
mL toluene as preservative. 


Urinary Light Chain 


A sample of concentrated (x 100) urine was analyzed by isoelec- 
tric focusing (IEF) with immunofixation as described.’ Preparation 
of the identified A chain was by sequential immunosorption.” Briefly, 
urine (500 mL) was passed through a series of 10-mL columns 
consisting of Sepharose 4B-CL linked to: (1) normal sheep IgG to 
remove nonspecific adherent material; (2) sheep antia to remove x 
light chains; and (3) sheep anti-A to bind the A chains. Elution of the 
last column with 0.5 mol/L NH,OH-1.0 mol/L KSCN, followed by 
dialysis into cold 0.1 mol/L Tris-HCI- mol/L NaCl to 0.2% NaN,, 
pH 8, isolated the relevant light chain. Any sheep protein detached 
from the immunosorbent during elution was removed by passage 
through an immunosorbent of rabbit antisheep IgG (5 mL). The 
purity of the final product was examined by IEF, and amounts were 


NENA BENIN rn ate ir ia darier en drew ifs arara tm 


From the Lymphoma Research Unit, Tenovus Research Labora- 
tory, General Hospital, Southampton, England. 

Submitted July 1, 1986; accepted October 17, 1986. 

Supported by Tenovus of Cardiff, the Cancer Research Cam- 
paign, and the Leukaemia Research Fund, England. We also thank 
NATO for a collaborative grant, 

Address reprint requests to Dr FK Stevenson, Lymphoma 
Research Unit, Tenovus Research Laboratory. General Hospital, 
Southampton, England. 

The publication costs of this article were defrayed in part by page 
charge payment. This article must therefore be hereby marked 
“advertisement” in accordance with 18 U.S.C. $1734 solely te 
indicate this fact. 

& 1987 by Grune & Stratton, Inc. 

0006~—497 1/87/6903-004 1$3.00/0 


219 


920 


measured at each stage by enzyme-linked immunosorbent assay 
(ELISA). Separation of disulfide-bonded dimeric from monomeric 
chain was by passage through a column of Sephadex G-100 (Phar- 
macia) equilibrated with propionic acid (1 mol/L). The separated 
peaks were dialyzed into acetate buffer (4 mmol/L, pH 5.4) and 
stored at —20°C. To obtain normal à chains, IgG was first 
prepared from normal human IgG by immunosorption. This [gGA 
was then reduced and alkylated and the monomeric A chains 
separated in propionic acid as above. 


Monoclonal Anti-idiotypes 


Anti-\ chain idiotype {anti-Id [X]}. The isolated urinary A chain 
was used to immunize a BALB/c mouse with a primary subcuta- 
neous (SC) injection of 100 ug in Freund's complete adjuvant 
(CFA), followed by similar booster injections after 5, 7, and 9 weeks. 
The final injection was of 100 ug aqueous antigen intravenously (IV) 
three days before removal of the spleen for hybridization of the cells 
with the mouse myeloma NS-1 (P3-NS-1/1-Ag 4.1).'' The proce- 
dures for growing colonies and cloning were as described,’ selection 
being based on reactivity of supernatants in the ELISA system with 
idiotypic A chain (Ald), IgMId, and irrelevant light chains. To 
produce larger amounts, 10’ hybridoma cells were injected intraperi- 
toneally (IP) into Pristane-primed BALB/c mice, and antibody was 
purihed from ascitic fluid by precipitation with ammonium sulfate 
followed by separation on a column of diethyl aminoethy! (DEAE)- 
trisacryl in phosphate buffer (5 mmol/L, pH 8) with a linear 
gradient to 50 mmol/L. The major peak was collected and its purity 
checked by electrophoresis. 

Anticombined idiotype {anti-Id [u + ]}. To obtain IgMld for 
immunization, a “rescue” hybridization was carried out by fusing 
tumor cells from the blood of patient LP with the mouse myeloma 
NS-O, a subline that synthesizes no mouse « chain. Colonies 
producing IgMA were cloned by limiting dilution and supernatants 
from confluent growth collected. The IgM was purified and pre- 
pared as an immune complex with mouse antihuman À as described* 
for immunization of mice. Selection of hybridomas was then based 
on reactivity with IgMId and not with normal IgM by ELISA and 
for the ability to bind to tumor cells in the presence of normal human 
serum.” 


Binding ELISA to Assess Specificity 


A preliminary assessment of specificity was carried out using Ald 
or a pool of three A Bence-Jones proteins coated directly onto a 
microtitre plate at 100 ng/mL. Monoclonal antibody was then added 
and bound mouse Ig detected with horseradish peroxidase (HRP)- 
labeled rabbit antimouse Ig (Nordic Labs, Maidenhead, England). 
Binding to IgM was investigated by the indirect procedure: rabbit 
antihuman u chain (10 g/mL) was coated onto the plate and IgM 
preparations, and either “rescue” hybridoma supernatants or macro- 
globulinemic sera were added, followed by MoAb as above. 


Inhibition ELISA to Quantitate Relative Binding 


This was established to measure the relative abilities of different 
A-containing molecules to bind to the MoAb-Id(\) and also to find 
the proportion of Ald among normal A chains. First Ald was bound 
directly to the microtitre plate at 100 ng/mL, then a binding curve 
was constructed for anti-Id (A) using HRP-rabbit antimouse Ig for 
detection. Having established the steepest part of the binding curve 
(40 ng/mL of antibody), this concentration of antibody was mixed 
with different dilutions of each inhibitor, and the resulting reduction 
in mouse antibody bound to the plate was measured. The concentra- 
tion of inhibitor giving a 50% reduction in binding could then be 
compared for each molecular species, and the slope of the inhibition 
curves could indicate antigenic similarity. A major advantage of the 
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inhibition assay is that all inhibitors are compared in the fluid phase 
with no complications due to different coating efficiencies or to 
possible structural distortions occurring during binding to a solid 
phase. 


Immunofluorescence 


Testing of anti-idiotypes on the patient’s dispersed tumor cells was 
by flow cytofluorimetry on the FACS HI (Becton Dickinson, Moun- 
tain View, CA). For inhibition studies, normal human serum (50 
ul) was added to culture supernatants (50 uL) or to purified 
antibody at ~20 ug/mL, before adding to the cells. Bound antibody 
was detected with fluorescent rabbit antimouse Ig. 

Tissue Sections 

Frozen tissue sections were used to assess reactivity of the 
anti-id(A) with normal tonsil and lymph nodes from nine patients 
with lymphoma. Cryostat sections (5 um} were air-dried and stored 
at —70 °C until required. Immediately before staining the sections 
were fixed in acetone for ten minutes and then stained by a two-layer 
immunoperoxidase technique,’ using HRP-rabbit antimouse Ig as 
the second layer and developing reaction product with diaminoben- 
zidine tetrahydrochloride. 


RESULTS 
Production of X Id by Tumor Cells 


Neoplastic B cells from LP secreted in vitro free À light 
chain (20 ng/h) and IgM (7.2 ng/h), values in the range of 
those found previously for patients with CLL." The levels of 
light chain (x and A) in a typical 24-hour urine sample from 
LP were 0.3 (x) and 6.8 (A) mg per 24 hours, which is below 
the detection level of most routine methods and requires 
sensitive IEF and immunofixation or other special tech- 
niques'® for identification. Identification of the monoclonal A 
chain for LP by this technique has been reported.” After 
purification of the urinary Ald and passage through G-100 
in | mol/L propionic acid, the disulfide-bonded dimer ac- 
counted for about 20% of total À. 


Monoclonal Anti-ld {x} 


In the first screen of selected hybridoma supernatants, 
seven clones were found to recognize Ald and not pooled À 


Relative Cell Number 





Relative Fluorescence intensity 


Fig1. Binding of MoAbs to target lymphoma cells from patient 
LP. Tumor ceils were exposed to mouse MoAbs, and bound mouse 
igG was detected with fluorescent rabbit antimouse Ig. (A) 1: 
Anti-human «x chain (10 ug/mL); 2: anti-human à chain constant 
region (10 ug/ml); 3: antibody against heavy plus light chain 
idiotype (anti-id (u + A) (10 g/mL). {B} 1: Anti-human x chain (10 
g/mL); 2: anti-human A chain constant region (10 g/mL); 3: 
antibody against à chain idiotype {anti-Id [A}) (24 pg/mL}; 4: anti-td 
(A) plus normal human serum (50%). 
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Fig 2. Comparison of binding of monomeric and dimeric À 
chains to immobilized anti-A constant region antibody. Rabbit 
antihuman \ chain constant region (5 ug/mL} was coated to the 
wells of a microtitre plate and exposed to various concentrations 
of idiotypic À chains from patient LP, previously separated into 
monomer and disulfide-bonded dimer. Detection of bound A chain 
was by HRP-rabbit antihuman À chain. +, monomeric À Id: 
@—~@: dimeric À id; ¥——¥, pool of three Bence-Jones proteins of 
A type. 


chains. Of these, three also recognized IgMId and not 
normal IgM, and the most vigorous of these was selected for 
expansion. Further tests of specificity showed the antibody to 
be unreactive with rescued IgM preparations (3 IgMA) or 23 
sera from macroglobulinemic patients (10 IgMx and 13 
lgMA). The subclass of the antibody was IgGl. 

immunofluorescence showed good reactivity with tumor 
cells from LP, which was not affected by the presence of 
normal human serum (50%) (Fig 1). The antibody did not 
react with frozen sections of normal tonsil nor with nine 
lymph node specimens from patients with B cell lymphoma; 
antibodies to Ig constant region reacted normally with these 
sections. 


Monoclonal Anti-Id {u + A} 


This antibody was selected by the usual criteria for 
anti-idiotype considered for therapy, ie, it recognized IgM Id 


Fig 3. Inhibition ELISA to 
compare the abilities of various 
A-containing molecules to bind 
to monoclonal anti-A chain idio- 
type. The assay depends on 
competing A-containing mole- 
cules that bind in the fluid 
phase to the mouse anti-idio- 
typic antibody, thereby pre- 
venting its uptake by idiotypic À 
chain {À id) immobilized on the 
plate. The percentage reduc- 
tion in bound mouse antibody Fata 
was quantitated by HRP-rabbit | 
antimouse ig. E-W, mono- 
meric À ld; @—-®, dimeric À Id; 
v——¥, normal human mono- 
meric X chains; [)---(J. idio- oF 
typic IgMA. 
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but not normal IgM by ELISA, and its binding to tumor cells 
from LP (Fig 1) was not inhibited by normal serum (50%). 
This antibody did not bind to Ald by ELISA, and its binding 
to IgMId was unaffected by Ald up to a concentration of 50 
ug/mL. 


Nature of Determinant Recognized by Anti-ld{X) 


Monomeric and dimeric A Id. It was of interest to 
determine the reactivity of the monoclonal anti-Id (A) with 
monomeric or dimeric Ald to see if the relevant determinant 
was more exposed on the monomer. Disulfide-bonded dimer 
and monomer were first assayed by ELISA using anti-A 
constant region antibody on the plate and detecting bound A 
with HRP-anti-A. Results are shown in Fig 2 where it is clear 
that at saturation, monomer gives half the binding of dimer 
at equivalent concentrations. This is consistent with equal 
molar binding to the plate, with each bound dimer offering 
twice as many determinants as monomer to the detecting 
HRP-antibody. Apparently the monomer has not dimerized 
by noncovalent bonds under the conditions of the ELISA, 
presumably due to the routine presence of non-ionic deter- 
gent, Tween 20 (0.1%). A pool of three A Bence-Jones 
proteins showed binding similar to that of Ald dimer (Fig 2). 
suggesting that they are dimerized by disulfide bonds as has 
been found for most human À chains.” 

Comparison of the ability of the monomer and dimer to 
bind to the anti-Id (A) was made by the inhibition ELISA 
(Fig 3). It was found that Ald monomer was approximately 
12x more efficient than dimer on a weight basis (6% on a 
molar basis) in displacing the monoclonal anti-Id (A) from 
binding, since the monomer caused 50% inhibition at 1.6 
ng/mL, whereas 18.5 ng/mL of dimer was required (Table 
1). There is also a deviation from parallelism for the dimer 
(Fig 3), suggesting that the antigenic determinant is not 
identical to that of the monomer. 

Normal pooled > chains. Reactivity of the anti-ld{A} 
with normal \ chains was also quantitated by the inhibition 
ELISA (Fig 3). These \ chains were obtained from norma! 
IgG by reduction and alkylation of the disulfide bonds 
followed by separation in 1 mol/L propionic acid ami are 
therefore monomeric. It was found that 3.3 x 10° ng/mL 





inhibitor (ag/ ml) 
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Table 1. Measurement of the Ability of Various \-Containing 
Molecules to React with Monoclonal Anti-A idiotype 
(Anti-id (\)} by an Inhibition Assay* 


ar remmannendnaerhsrtay ny adnan tnt trite! aaan A A e tat et rrr trb 


Concentration 
for 50% Inhibition 
Inhibitor Molecular Form (ng/mti} 
tdiotypic A (Ald) Monomer 1.6 
Dimer 18.5 
Normal À Monomer 3.3 x 10° 
idiotypic IgM t (igMld} Pentamer 2.5 


trae rer eA YR HALA AH LAHAINA A re 


*For this assay, Ald was coated to the wells of a microtitre plate and 
mouse anti-id (A) at 40 ng/mL was added, either alone or mixed with 
different dilutions of each inhibitor. The resulting reduction in mouse 
antibody bound to the plate was measured and the concentration of 
inhibitor giving a 50% reduction in binding found. 

tConcentration is in terms of the A chain content. 


was required for 50% inhibition (Table 1), ie, only one 
molecule in about 20,000 carries the same idiotypic deter- 
minant as the Ald. 

Tumor-derived lgMId. The rescued IgMId was found to 
be predominantly pentameric from its elution curve on AcA 
22; its ability to displace the anti-Id(A) from its binding to 
Ald antigen is shown in Fig 3. The amount of IgMId is given 
in terms of the content of A chain for direct comparison, and 
it can be seen (Table 1) that 2.5 ng/mL is required for 50% 
inhibition, a value close to monomer and much more efficient 
that dimeric Ald. 

It was also found that normal serum (1 in 10) failed to 
inhibit binding, whereas LP’s serum inhibited binding by 
50% at | in 640 dilution. 

Additive binding to 1gMId by anti-Id (X) and anti-Id (u + 
Aj. This was investigated by ELISA using limited antigen 
on the plate (25 ng/mL of IgMId coated indirectly) and 
finding a saturating concentration of anti-Id (a + A) (2.7 
ug/mL). The anti-Id (A) was then added to this in increasing 
amounts to see if additional binding could occur; the results 
are shown in Fig 4. Clearly the binding of anti-Id (A) is 
independent of the presence of anti-Id (u + A), since the 
binding curve is very close to the calculated additive curve. 
The graph also illustrates that the avidity of the anti-Id(A) is 
considerably less than that of the highly avid anti-Id ( + A), 
since the latter reached saturation of bound IgMId at 2.7 
ug/ml, whereas the former was still not saturating at 100 
ug/mL. However, the amount required for binding to cells 
(Fig 1) was 24 pg/mL, well within a useable range. There 
was no significant binding of an irrelevant mouse MoAb at 
these concentrations. 


DISCUSSION 


A monoclonal anti-idiotypic antibody has been raised 
against tumor-derived À light chain from a patient with CLL. 
The antibody is specific for idiotypic determinants on the A 
chain but also recognizes À chain in combination with u chain 
either as soluble idiotypic IgM or on the surface of tumor 
cells. These properties are similar to those of polyclonal 
anti-idiotypes previously raised against tumor-derived light 
chains from four patients with CLL’ and demonstrate that 
this dual recognition is due to a single antibody. The study 
also confirms the generality of the approach and, since clones 


WRIGHTHAM ET AL 


pee 





anti-id {A} {ug mi] 


Fig 4. Additive binding of two monocienal anti-idiotypes to 
idiotypic IgM. The ability of anti-À idiotype (anti-id [A]} to bind to 
target igMid in the presence of a saturating amount of anti- 
heavy-plus-light chain idiotype (anti-id {u + A) was assessed. 
Limited antigen (25 ng/mL of IgMid) was coated to the plate 
indirectly and then exposed to increasing concentrations of anti-Id 
{A} in the presence of anti-id (u = A) at 2.7 ug/mL. Total bound 
mouse antibody was detected by HRP-rabbit antimouse Ig. a---4, 
anti-id {u + A) {2.7 ug/mL) alone; @—@, anti-Id (A) alone; &-—~@, 
anti-id {À} in the presence of anti-ld (u + A); W-——v, calculated 
values for additive binding. 


showing dual specificity were not rare, suggests the possibil- 
ity of using such antibodies clinically. 

However, there are two possible problems. First, more 
aggressive immunization is required for light chain as com- 
pared to IgM.” This could perhaps be solved by coupling light 
chain to a carrier such as keyhole limpet haemocvanin. The 
second problem is that the antibody studied had a considera- 
bly lower avidity for idiotypic IgM than did the antibody 
against heavy plus light chain (combined) idiotype, the latter 
having a very high avidity. Since antibody avidities are 
variable, this need not be a general property, but more 
antibodies need to be stucied. 

Using this MoAb it has been possible to investigate further 
the nature of the antigen recognized. In the more common 
situation where antibodies are raised against combined idio- 
type, they rarely bind to free light chain, more often recog- 
nizing determinants dependent on a conformation involving 
heavy and light chains.” This has also been found for 
anti-idiotypes raised against IgM idiotype in this laboratory, 
including the one described in this report. Thus the idiotypic 
determinants present on the isolated light chains that can 
induce antibodies that recognize IgM, and therefore must be 
displayed on the [gM molecule, are either pre-empted by 
other immunogenic structures or are not detected in the 
assay systems used. One exception to the failure of anti- 
idiotype raised against IgM tc recognize free light chain is 
seen for rheumatoid factors (RFs). The existence of a major 
cross-reacting idiotype (Wa) among human monoclonal IgM 
anti-IgG autoantibodies from unrelated individuals with 
cryoglobulinemia was first described using polyclonal anti- 
sera. More recently a MoAb generated against this IgM 
idiotype was shown to react with isolated x chains from those 
IgM-RFs expressing the idiotype’? The relevant deter- 
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minant was localized to the second complementarity-deter- 
mining region of the «x chain and antibody raised against the 
isolated peptide bound to the IgM-R Fs. 

The use of the inhibition ELISA has allowed quantitation 
of the degree of binding of the antibody to various 
A-containing molecules. The first point is that since it only 
recognized 1 in 20,000 molecules of normal A, it can be 
considered to be idiotype specific. Second, binding by mono- 
meric Ald, which in antigen excess could be twice as efficient 
as dimer on a weight basis if the determinant is equally 
exposed on the two molecular species, is 12 times more 
efficient, indicating that masking or distortion of the deter- 
minant occurs during dimerization. However, the A compo- 
nent of IgMId is almost as efficient as monomeric A, suggest- 
ing that the determinant is exposed while Ald is combined 
with w chain and that, unlike the Mcg light chain studied by 
x-ray diffraction,” the dimer does not assume a similar 
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conformation to the u-À combination. The generality of this 
is unknown but raises the possibility that one of the reasons 
for the failure of polyclonal anti-lgM idiotypes to recognize 
free light chain could be due to the use of dimeric light chains 
in the test system. 

Thus the earlier findings, reported in all four cases of CLL 
investigated’ and in an animal lymphoma,” that polyclonal! 
antibodies raised against idiotypic light chains will recognize 
idiotypic IgM have been confirmed using MoAb and should 
open the possibility of using such reagents for monitoring and 
perhaps treating B cell lymphoma. 
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Studies Investigating Platelet Aggregation and Release Initiated by Sera 
From Patients With Thrombotic Thrombocytopenic Purpura 


By John G. Kelton, Jane C. Moore, and William G. Murphy 


Many patients with thrombotic thrombocytopenic purpura 
(TTP) have a platelet aggregating factor in their serum that 
may be pathologically linked with the disease process. To 
heip characterize the type of platelet aggregation and 
platelet release induced by the sera from seven TTP 
patients, we measured the ability of a variety of inhibitors 
of platelet function as well as the ability of monoclonal 
antibodies (MoAbs) against piatelet glycoproteins to inhibit 
TTP sera-induced platelet aggregation and release. These 
results were compared with the ability of the same inhibi- 
tors to block platelet aggregation induced by ristocetin, 
collagen, ADP, thrombin, and tgG-immune complexes. 
Monoclonal antibody directed against platelet glycoprotein 
Ib totally inhibited ristocetin-induced aggregation and 
release but had no effect on aggregation and release 
induced by the TTP sera or by any of the other platelet 
agonists. However, the MoAb against glycoproteins Ilb/Illa 
inhibited aggregation and release caused by TTP sera as 
well as by collagen, thrombin, and ADP but had no effect on 


HROMBOTIC thrombocytopenic purpura (TTP) is a 
life-threatening disease characterized by consumptive 
thrombocytopenia, schistocytic hemolytic anemia, fever, and 
acute arterial thrombotic complications especially within the 
cerebral circulation.’ The thrombotic complications are due 
to the occlusion of small arteries by platelet thromboemboli. 
The pathogenesis of TTP remains uncertain, but the con- 
sumptive thrombocytopenia plus platelet thromboemboli 
suggest that in vivo platelet aggregation could participate in 
its pathogenesis. It is possible that the platelet aggregation 
could be mediated by a platelet aggregating factor with 
participation of von Willebrand factor (VWF).’ A platelet 
aggregating factor in plasma or sera from patients with TTP 
has been described by two groups of investigators;™ however, 
the in vitro characteristics are not identical.?* There is also 
evidence that the vWF actively or passively participates in 
the pathogenesis of TTP. For example, Moake and col- 
leagues described alterations in the vWF molecule in patients 
with TTP,” observations confirmed by ourselves.’ But again 
there is not total agreement about these observations.‘ 
To study TTP sera-induced platelet aggregation in greater 
detail, we investigated whether monoclonal antibodies 
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aggregation and release induced by ristocetin. The aggre- 
gating activity could be abolished by heparin but not by the 
serine protease inhibitor PMSF (1 mmol/L). And although 
monomeric human IgG and purified Fc fragments of IgG 
inhibited igG-immune complex-induced aggregation and 
release, they had no effect on TTP sera-induced aggrega- 
tion and release nor on aggregation and release induced by 
any of the other agonists. Consistent with these in vitro 
studies showing no effect of IgG were the in vivo observa- 
tions that intravenous (IV) IgG was without effect when 
administered to three patients with TTP. This study indi- 
cates that although a von Willebrand factor (vWF)-rich 
preparation of cryoprecipitate enhances the in vitro plate- 
let aggregation and release caused by sera from the seven 
TTP patients we studied, the pathway of aggregation and 
release is not via platelet glycoprotein Ib. Also the aggre- 
gating factor of TTP sera is not neutralized in vitro or in 
vivo by IgG. 

e 1987 by Grune & Stratton, Inc. 


(MoAbs) against platelet glycoprotein Ib and against glyco- 
protein IIb/Ila could inhibit platelet aggregation and 
release initiated by TTP serum. Controls included platelet 
agonists that agglutinate platelets via platelet glycoprotein 
Ib (ristocetin) and other agonists (collagen and thrombin) 
that require glycoproteins Hb/IHa for aggregation and 
release. The results of the study indicate that in vitro TTP 
sera-induced platelet aggregation and release occurs via 
glycoproteins I[b/IIla and not Ib, and the platelet reaction is 
not affected by IgG. 


MATERIALS AND METHODS 
Patients and Controls 


Sera from seven unselected patients with TTP were studied during 
the acute episodes before treatment. All patients had thrombocyto- 
penia and schistocytic hemolytic anemia. In five of the patients, the 
pattern of vWF was analyzed by crossed immunoelectrophoresis 
before treatment was initiated. In all of these patients the large 
multimers of vWF were reduced or absent. Five of the patients had 
neurologic signs. One patient died, and postmortem examination 
confirmed the diagnosis as TTP. 

Whole blood was collected into glass Vacutainer tubes (Becton 
Dickenson, Mississauga, Canada) containing no anticoagulant, The 
blood was allowed to clot spontaneously for a minimum cf two hours 
and a maximum of 12 hours. The blood was centrifuged (2100 g for 
20 minutes); the serum was transferred to plastic tubes and stored in 
aliquots at ~ 70 °C. Before testing, the serum was thawed at 37 °C 
and then incubated for an additional 30 minutes at 37°C to 
inactivate thrombin, and the pH was adjusted to 7.4. 

Control sera were collected from healthy laboratory volunteers 
receiving no medications. This study was performed in accordance 
with the guidelines developed by the University-approved Ethics 
Review Committee. 


Aggregating Agents 


Platelet aggregation and release was induced using bovine achilles 
tendon collagen (final concentration, 55.1 g/mL; Sigma Chemical 
Co, St. Louis), thrombin (final concentration, 2 U/mL; Fibrinex, 
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Ortho Diagnostics, Westwood, MA), adenosine diphosphate (ADP; 
final concentration, 10 wmol/L; Sigma), ristocetin (final concentra- 
tion, 1.5 mg/mL; H. Lundbeck & Co, Copenhagen), and IgG 
immune complexes. 

IgG immune complexes were prepared from human IgG. The 
human IgG was isolated from normal AB sera twice precipitated 
with 50% ammonium sulphate followed by a diethylaminoethy! 
(DEAE) Sephacel column (Pharmacia, Dorval, Quebec). The IgG 
was stored at —70°C at a final concentration of 10 mg/mL. IgG 
immune complexes were made by heating 0.5-mL aliquots (63 °C 
for 20 minutes). Before using, the largest complexes were removed 
by centrifugation at 10,000 g for five minutes. Purified Fc fragments 
were prepared from monomeric IgG using papain (100:1, wt/wt). 
Undigested IgG was separated from Fe by gel chromatography, and 
the completeness of separation was verified by analytic polyacryl- 
amide gel electrophoresis (5% SDS-PAGE). The concentration of Fe 
was raised to 20 mg/mL by ultrafiltration and the sample frozen at 
— 70 °C before use. 


Inhibitors of Platelet Aggregation/ Release 


The effects of aspirin (3.3 mmol/L), EDTA (1.6 mmol/L) and 
IgG (5 mg/mL) were tested for their ability to inhibit platelet 
aggregation and release. 

Murine MoAbs 6D1 against human glycoprotein Ib, (igG,, final 
concentration 10.5 g/mL) and 7E3 against Hb/Ila (IgG), final 
concentration 15 pg/mL) were also used.” These MoAbs were a gift 
from Dr B. Coller of the State University of New York at Stony 
Brook. A control MoAb lacking platelet glycoprotein activity was 
also tested at a final concentration of 15 pg/mL. 

The effect of two protease inhibitors, heparin (0.5 U/mL), and 
phenylmethylsulfonylfluoride (PMSF) (1 mmol/L, Sigma) were 
tested for their ability to inhibit TTP-induced platelet release. 


Performance of Platelet Aggregation and Release Studies 


Preparation of test platelets, Twenty milliliters of whole blood 
was collected from different healthy donors into acid citrate dextrose, 
pH 4.5, (6:1, vol/vol). The platelet-rich plasma (PRP) was obtained 
by centrifugation (160 g for 20 minutes). The PRP was incubated 
with '“C serotonin (Amersham, Oakville, Ontario) for 30 minutes at 
37°C at a concentration of 0.5 Ci “C serotonin per mL PRP. 
Approximately 50% of the '“C serotonin was taken up by the washed 
platelets giving a final specific activity of 1.84 x 107* aCi of “C 
serotonin per 10° platelets. The platelets were pelleted by centrifuga- 
tion (1800 g for nine minutes) and resuspended in 10 mL of calcium 
and albumin-free Tyrode’s solution, pH 6.2, containing 50 uL of 
apyrase. The apyrase (50 ng/mL) was prepared using standard 
techniques and inhibited aggregation induced by 10 mol/L ADP. 
The platelets were washed once by centrifugation (1200 g for seven 
minutes) and resuspended to a final count of 600,000/uL in albumin- 
free Tyrode’s solution, pH 7.4. Because the reactivity of the platelet 
preparations occasionally differed from donor to donor, platelets were 
collected from three ABO compatible donors, pooled and processed as 
described above. 

In a second series of experiments the platelets were resuspended 
with human fibrinogen (Kabi, Sweden) at a final concentration of 2 
mg/mL. In these studies the assay was performed at 37 °C and the 
effects of inhibitors of aggregation and release investigated as 
described subsequently. In these experiments the cryoprecipitate 
preparation was not added. 


Preparation of solution containing large multimers of 


vWF. Two units of cryoprecipitate prepared from healthy donors 
were pooled and diluted with 10 mL of 0.9% sodium chloride. The 
cryoprecipitate was defibrinated using 0.15 units ancrod (Arvin, 
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Connaught Labs Ltd, Willowdaie, Ontario) per millimeter of dilute 
cryoprecipitate. The mixture was incubated for ten minutes at 
37 °C, centrifuged (2100 g for 20 minutes), and heat-inactivated for 
30 minutes at 56°C. The solution was stored at ~ 70°C before 
using. Immediately before using the solution was thawed at 37 °C 
and then subjected to centrifugation (12,000 g x 10 minutes} to 
remove large aggregates. We have previously demonstrated that this 
preparation contains large multimers of vWF.’ 

Platelet release studies. Twenty microliters of test serum (pH 
7.4) was mixed with 60 uL of '“C-serotonin-labeled platelets. The 
platelet mixture was incubated at room temperature in microtitr 
wells containing a magnetic stir bar. Following a ten-minute inc ba- 
tion, 3 uL of the preparation containing the large multimers of VWF 
was added (final concentration of 0.05 units). The suspension was 
stirred for an additional ten minutes. Both incubations were done on 
a magnetic stir plate set at a slow speed. At the end of the final 
incubation period, 100 uL of 0.5% EDTA in saline was added to 
terminate the release reaction. The platelets were then observed for 
evidence of visible aggregates and scored as positive (aggregates) or 
negative (no aggregates). The microtitre plates were centrifuged for 
five minutes at 1500 g and 50 uL of the supernatant fuid was 
removed, This aliquot was added to 10 mL of scintillation fluid and 
the samples were counted in a liquid scintillation counter. The 
percent release was calculated as follows: 











Percent Release = 


Release (test sample) — Background 


tarot eit Wn EA 


Total Platelet Radioactivity — Background — 


The background was defined as the supernatant fluid radioactiv- 
ity from platelets handled identically to the test platelets except that 
buffer was substituted for serum. Total radioactivity was the 
radioactivity of the test platelet sample. A test result was defined as 
positive if there was greater than 20% release. All samples were 
tested in duplicate. 

Inhibition of platelet release and aggregation. The experiments 
were performed as follows: 10 uL of the potential inhibitor (EDTA, 
aspirin, heparin, PMSF, IgG, Fe fragments, anti-GP Fb, anti~GP 
Iib/Illa, or buffer) was added to 60 ul. of the platelet suspension 
followed by a ten-minute incubation at 22 °C. The TTP serum (20 
uL) or agglutinating agent (20 uL of ADP, collagen, ristocetin, 
thrombin, or IgG immune complexes) was then added to the 
mixture, and it was stirred for ten minutes at 22 °C. The fibrinogen- 
depleted cryoprecipitate was added and mixed for an additional ten 
minutes at 22°C. One hundred uL of 0.5% EDTA in saline was 
added to terminate the reaction. The microtitre plates were ceniri- 
fuged, and the radioactivity of the supernatant was measured. 

To investigate whether IgG prepared from norma! pooled sera or 
contro! sera could inhibit TTP sera-induced platelet release, the 
following experiments were performed: The amount of platelet 
release initiated by four different TTP sera or one normal control 
serum was measured using the technique described previously. 
Control IgG at a final concentration of 1.2 mg/mL or control seram 
was incubated with each TTP serum for 20 minutes at 22 °C. The 
'4C-serotonin labeled platelets (60 ul) were added, and, after an 
additional 20-minute incubation at 22 °C, the amount of release was 
measured. In these experiments the four TTP sera that were used 
were selected because their strong reactivity did not require the 
addition of the preparation rich in vWF to induce the release 
reaction. 

The same experiment was repeated using the same TTP and 
control sera except that the IgG or control serum was preincubated 
with the platelets (22 °C for 20 minutes) before addition of the TTP 
sera. 
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RESULTS 
Case Report 1 


A 45-year-old woman was admitted with diagnosis of TTP 
and was treated with plasma exchange, aspirin, and dipyri- 
damole. After an initial partial response the illness relapsed. 
The patient was treated with 23 different plasma exchanges 
but did not respond. She also did not respond to 4 mg of 
vincristine. Intravenous (IV) IgG (Gamimune, Cutter Bio- 
logicals, Berkeley, CA) was administered over two days ata 
dose of 2 g/kg. There was no effect on either the platelet 
count or on the serum LDH level. The patient died two weeks 
later of intracerebral thrombosis complicated by hemor- 
rhage. Postmortem examination confirmed the diagnosis of 
TTP. 


Case Report 2 


A 54-year-old woman was admitted with TTP. She had 
had an episode of TTP five years previously that had 
responded to plasma infusion and plasmapheresis and had 
been well for the subsequent five years. On this admission she 
was treated with both plasma infusion and plasmapheresis, 
and her platelet count was maintained above 150,000/uL by 
weekly 3-L plasma exchanges. Because of difficulties in 
maintaining vascular access, she was treated with IV IgG 
(IVEEGAM; Immuno, Vienna, Austria) at a dose of 2 g/kg. 
She did not respond, and her platelet count fell to 50,000/uL 
over the next week. She was again treated by a plasma 
exchange, and her platelet count promptly rose. She ts 
currently maintained by weekly plasma exchanges. 


Case Report 3 


A 5-year-old girl with congenital chronic relapsing TTP 
has been treated over the past five years with intermittent 
(usually three per year) plasma infusions when her platelet 
count falls below $0,000 per uL. This treatment results in a 
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prompt rise in platelet count and hemoglobin level that 
persists for weeks to months. She responds to plasma, stored 
plasma, and cyroprecipitate infusions. On one occasion she 
was treated with IV IgG at a dose of 3 g/kg (Sancoglobulin; 
Sandoz Laboratories, Dorval, Quebec) but did not respond to 
the treatment. Subsequent treatment with plasma infusions 
promptly raised the platelet count and hemoglobin level. 
Serum from this child was nct used in the in vitro studies 
described in this report. 


Results of the Platelet Aggregation and Release Studies 


The results of the platelet aggregation and release studies 
are shown in Table 1. Collagen-induced aggregation and 
release were not affected by aspirin, heparin, or the MoAb 
against platelet glycoprotein Ib. It was totally inhibited by 
the MoAb against glycoproteins Hb/Illa. ADP reacted 
similarly. Thrombin-induced aggregation and release were 
inhibited by heparin and by the MoAb against glycoprotein 
Hb/Hla. 

Ristocetin-induced aggregation and release were only 
inhibited by the MoAb against glycoprotein Ib. Purified Fe 
fragments were without effect. IgG-immune complex- 
induced aggregation and release were totally inhibited by 
monomeric IgG and purified Fe. TTP sera-induced aggrega- 
tion and release were unaffected by aspirin and totally 
inhibited by heparin (high concentrations) and EDTA. ft 
was not affected by the MoAb against glycoprotein Ib but 
was inhibited by the MoAb against Hb/Ha. It was not 
affected by either monomeric IgG or purified Fe. An addi- 
tional five IgG fractions were also tested for inhibitory 
capacity, including IgG obtained from a patient with two 
previous episodes of TTP and who was in remission. None of 
these IgG fractions had any effect on TTP sera-induced 
platelet aggregation and release. 

The study investigating the inhibitory effect of control IgG 
or serum preincubated with the TTP sera showed that 


Table 1. Results of Platelet Aggregation and Release Studies 
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Biological inhibitors of 











PAET AUDE TATA Chemical Inhibitors 
Monocional Antibodies of Fiatelet Aggregation < 
Agonist Buffer ib lib/ilta IgG Fe Heparin ASA EDTA 
TTP 
#1 +{73) +{100) ~ {0} -+ {68} +457} — {8} + {98} (4) 
#2 + (55) +(75) ~ (18) +{100} +4100) 44) +4100) ~ (6) 
#3 +{100) +{100) — {18} +{100} +{100) ~~ (5) + (100) — {17} 
#4 +(57) + (82) ~ (2) + (100) +(92) (0) + (100) (8) 
#5 +(95) +(88) ~ {4} +(90} ND —(7) +(87) — {0} 
#6 +(90} + (86) -(0) + (93) ND — (0) +{83) — {0} 
#7 +(74) + (70) ~-{0) + (62) ND ~{0) +{76) ~{(10) 
ADP +(79} + (89) ~(17) + (100) + (100) + (80) ~ (16) ~ (20) 
Ristocetin +(100) — (15) -+ {100} + (100) +{(100) +(109) +{(100) +-(99} 
Collagen +{69) +(160) — (22) +(70} +- (65) + (651 +-(29) +(29) 
Thrombin + (66) +(77) (16) +{83) +(87) — {1} +193} — {4} 
igG Aggregates + {90} ND ND ~ {3} —{11} +{79) +{100) +(85) 
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reer anne a eS as ace 
The results of various inhibitors (shown along the top) on visible platelet aggregation (indicated by a + sign) and the percent HE serotonin release from 
platelets (noted within the brackets). The percent release was the mean of three or more experiments. The concentration of the aggregating agents and 


antagonists is given in the Methods” section. 
ND indicates not done. 


PLATELET AGGREGATION BY TTP SERA 


neither control IgG nor serum affected the platelet release 
induced by the TTP sera. Similarly, preincubation of the test 
platelets with control IgG or serum did not block the effect of 
the TTP sera. The amount of platelet release initiated by the 
four different TTP sera with or without control IgG or serum 
ranged from 70% to 98%, 

In the experiments in which fibrinogen was used at a 
physiologic concentration (2 mg/mL), the preparation rich 
in VWF was not used. Only three of the seven TTP serum 
samples caused release, and the amount of release was lower 
and ranged from 26% to 45% of maximum. However, the 
pattern of inhibition of release was identical to that noted in 
Table 1. In particular, the MoAb against platelet glycopro- 
tein Ib was without effect, but the reaction was inhibited by 
the anti-Hb/HIa antibody. 

The TTP-induced platelet release could be entirely inhib- 
ited by heparin (0.5 U/mL). However, the aggregation was 
not caused by thrombin as shown by the lack of effect of 
PMSF. PMSF at a final concentration of | mmoL/L had no 
effect upon the release reaction of seven different TTP sera. 
The release induced by these sera ranged from 64% to 
100%. 


DISCUSSION 


The pathogenesis and optimal treatment of thrombotic 
thrombocytopenic purpura (TTP) remain uncertain. A num- 
ber of hypotheses concerning the pathogenesis of TTP have 
been proposed: most are based on clinical observations, or on 
the results of in vitro studies, or on the response to certain 
therapeutic interventions. For example, untreated TTP has a 
mortality that may be as high as 90%." Treatment with 
antiplatelet agents reduces the risk of death, suggesting that 
in vivo platelet aggregation contributes to the morbidity and 
mortality of TTP.’ Supporting this hypothesis are postmor- 
tem reports of patients with TTP who have disseminated 
platelet thromboemboli in their small vessels.’ Also consis- 
tent are reports of platelet aggregating factors in the plasma 
of some patients with TTP.™ It is possible that by character- 
izing and identifying the aggregating factor, a more effective 
therapeutic strategy for dealing with this disorder might be 
developed. 

In vitro and in vivo studies also support an active or passive 
role for vWF in the pathogenesis of the disorder. Moake and 
associates demonstrated abnormal patterns of vWF in 
patients with chronic relapsing TTP, an observation con- 
firmed by ourselves.’ Consistent with the hypothesis that 
vWF participates in the disease process are two other obser- 
vations. First, we have shown that the in vitro reactivity of a 
platelet aggregating factor in the serum of some patients 
with TTP can be enhanced by the addition of a preparation 
rich in large multimers of VWF.’ And second, pathologic 
studies have demonstrated the presence of vWF in occluded 
arteries from patients with TTP.'° Because vWF-induced 
platelet agglutination involves the platelet glycoprotein Ib, 
one might hypothesize that blocking this interaction might 
inhibit TTP sera-induced platelet aggregation and release. 
To investigate this issue more directly, we studied the effect 
of a variety of inhibitors of platelet aggregation on the 
aggregation and release induced by TTP sera. The results of 
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these aggregation and release studies were compared with 
results obtained using other platelet agonists. We found that 
the in vitro platelet aggregation and release initiated by TTP 
sera is mediated via platelet glycoproteins Hb/Hla; and, as 
another group of investigators recently reported, glycopro- 
tein Ib is not involved.* Hence our results argue strongly 
against the reaction being identical to ristocetin-induced 
agglutination. The MoAb against glycoprotein Ib totally 
inhibited ristocetin-induced agglutination and release but 
had no effect on TTP, collagen, ADP, or thrombin-induced 
aggregation and release. In contrast, the MoAb against 
glycoprotein Hb/lHa had no effect upon ristocetin-induced 
agglutination and release but inhibited the TTP sera-induced 
aggregation and release as well as the aggregation and 
release caused by the other agonists. Certain characteristics 
of TTP sera-induced platelet aggregation are similar to 
thrombin-induced platelet aggregation. In particular, it can 
be inhibited by heparin (Table |). The observation raises the 
question of whether the TTP aggregating factor could be an 
artifact, such as thrombin, generated during blood collection. 
Two observations argue strongly against this possibility. 
First, as we previously demonstrated,’ the thrombin-specific 
inhibitor DAPA was without effect. Second, PMSF, a serine 
protease inhibitor, also was without effect. 

The observation that TTP sera-induced platelet release 
occurs through glycoprotein IIb/IHa and not Ib should not 
be interpreted as indicating that vWF is not involved in the 
disease pathogenesis. It has been shown that vWF can also 
interact with glycoprotein Iib/IIla, and modifications of the 
molecule dramatically increase its reactivity.'''? Yet the 
mechanism of aggregation or characteristics of the inhibitory 
effect of normal plasma that result in remission in TTP 
remain uncertain. A role for IgG in either initiating the 
illness or controlling it has been proposed by one group. 
Elevated levels of platelet-associated IgG have been 
described in patients with TTP by several groups of workers, 
including ourselves; others have described circulating 
immune complexes in these patients. Together these observa- 
tions might indicate that IgG immune complexes mediate 
the platelet aggregation. Indeed, IgG immune complexes are 
potent inducers of platelet aggregation, and aggregation 
induced by these complexes can be inhibited by IgG or the Fe 
portion of the molecule. However, our current in vitro and in 
vivo studies suggest that it is unlikely that IgG plays a causal 
or protective role in TTP. In vitro platelet aggregation 
initiated by IgG aggregates did not react similarly to the 
TTP sera-induced platelet aggregation in that the former 
could be blocked by either the addition of monomeric IgG or 
Fc. In contrast, both intact IgG and purified Fc were without 
effect upon TTP-induced platelet aggregation and release. 
These results are different from those obtained by another 
group of investigators studying TTP sera-induced platelet 
aggregation. They reported that IgG either from a control 
population or from a patient following recovery from TTP 
could neutralize the platelet aggregating factor. The reason 
for the difference in results between groups is uncertain and 
could be due to differences in experimental techniques, 
However, our in vitro data, failing to document a role for IgG 
in neutralizing TTP sera-induced platelet aggregation, is 
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further supported by the observation that high doses of IV 
IgG did not produce a remission in three patients with TTP. 
Although other investigators have reported an apparent 
response of TTP patients to IV IgG,'* such observations 
should be interpreted with caution. It is possible that the 
remission of the disease was spontaneous and only coinciden- 
tally linked to the IV IgG. It should be noted that two of the 
patients described in this report who failed therapy with IV 
IgG subsequently responded to more conventional therapy. 
in summary, our studies demonstrate that TTP sera- 
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induced platelet aggregation and release is mediated via 
platelet glycoproteins Hb/Ia. Although a preparation rich 
in vWF enhances the reaction in vitro, the pathway of release 
is not through glycoprotein Ib. 
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Prognosis of Chronic Lymphocytic Leukemia: A Multivariate Regression 
Analysis of 325 Untreated Patients 


By Jung S. Lee, Dennis O. Dixon, Hagop M. Kantarjian, Michael J. Keating, and Moshe Taipaz 


Three hundred twenty-five previously untreated patients 
with chronic lymphocytic leukemia were analyzed to iden- 
tify significant prognostic factors for survival. Univariate 
analysis identified the following characteristics associated 
with survival: {1} clinical characteristics: age, race, sex, 
performance status, lymphadenopathy, and hepatosple- 
nomegaly; (2) hematologic parameters: WBC count, abso- 
lute lymphocyte and granulocyte counts, hemoglobin level, 
and platelet count; and (3) biochemical parameters: serum 
albumin, calcium, uric acid, lactate dehydrogenase, alkaline 
phosphatase, BUN, and creatinine. Multivariate regression 
analysis in a randomly selected training subset of 217 
patients demonstrated that the combination of uric acid, 
alkaline phosphatase, lactate dehydrogenase, external 
lymphadenopathy, and age had the strongest predictive 


HE HIGHLY VARIABLE clinical course of chronic 
lymphocytic leukemia (CLL) poses difficulties in the 
evaluation of prognosis and the efficacy of therapy in individ- 
ual patients as well as in clinical trials. Since the concept of 
clinical staging of CLL was introduced by Dameshek,’' Rai et 
al’? proposed a clinical staging system based on routine 
clinical and hematologic features that has subsequently been 
confirmed.** Other studies have reported the importance of 
the absolute lymphocyte count, splenomegaly, hemoglobin 
levels, and the extent of lymphoid organ involvement in an 
attempt to improve this classification." A new staging 
system, recommended by the International Workshop of 
CLL (IWCLL),” limits the clinical stages of CLL to three. 
All staging systems identify a high-risk group of patients 
defined by the presence of anemia or thrombocytopenia.” '* 
In the remaining patients, who represent 70% to 80% of all 
cases, there is considerable variability in the course of the 
disease that is not well explained by the staging system. More 
recent studies have attempted to demonstrate the prognostic 
significance of immunologic parameters, bone marrow histo- 
pathologic pattern, and cytogenetics, > ™ but the relative 
importance of each of these factors has not been deter- 
mined. 

The development of a prognostic model provides an objec- 
tive estimate of an individual patient’s prognosis, allowing 
group imbalance adjustments in comparing treatments and 
providing a basis for risk-directed therapy. Given the impor- 
tance of adapting therapy to the severity of a disease that has 
a variable clinical course, we sought to identify significant 
prognostic factors and to develop a regression model aimed at 
stratifying patients according to prognosis for survival. 


MATERIALS AND METHODS 
Diagnostic Criteria 


The diagnosis of CLL was based on the history, physical examina- 
tion, peripheral blood smears, and bone marrow examination, with 
more than 15 x 10° lymphocytes/uL in the peripheral blood and at 
least 40% bone marrow lymphocyte infiltration. Patients with 
poorly differentiated lymphocytic lymphoma, leukemic forms of 
well-differentiated diffuse lymphocytic lymphoma without initial 
bone marrow or peripheral blood involvement, prolymphocytic leu- 


Blood, Vol 69, No 3 (March), 1987: pp 929-936 


relation to survival time. The resulting model was validated 
in the remaining independent subset of 108 patients and 
led to classification of patients into low, intermediate, and 
high-risk groups with five-year survival rates of 75%, 89%, 
and 14%, respectively, and with distinctively different 
annual mortality rates (P < .01). Both the regression model 
and Rai staging were highly effective in identifying risk 
groups among the entire patient population {P < 0.001). 
Overall the regression model was superior to Rai staging in 
defining prognostic risk groups. In addition, it was able to 
separate patients into significantly different risk categories 
within each Rai stage, thus improving on the prognostic 
prediction of individual patients with chronic lymphocytic 
leukemia. 
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kemia, and lymphosarcoma cell leukemia were excluded from the 
study. 


Patient Population 


A total of 525 patients was registered at M. D. Anderson Hospital 
with the diagnosis of CLL between 1970 and 1983. Forty-seven 
patients had an incomplete evaluation mainly because of referral for 
other types of malignancy. Fourteen additional patients did not meet 
the diagnostic criteria on their initial evaluation, and follow-up 
information failed to confirm the diagnosis. One hundred thirty-nine 
patients had received treatment prior to admission. Thus 325 
previously untreated patients were included in the analysis. 

Among the 325 patients, 28% have never received any treatment 
after referral, 45% received single agent or combinations of conven- 
tional oral chemotherapy (chlorambucil, prednisone, and cyclophos- 
phamide), and 27% received combination chemotherapies (adriamy- 
cin, cytosine arabinoside, cyclophosphamide, vincristine, and predni- 
sone), 


Prognostic Factor Analysis 


Forty-one clinical and laboratory characteristics documented at 
initial evaluation were examined in the prognostic factor analysis. 
These were age, sex, race, year of diagnosis, interval between 
diagnosis and referral, performance status, symptoms (fever, weight 
loss}, previous episodes of infection, hemolytic anemia or anta- 
immune thrombocytopenia, spleen and liver size (in cm below the 
costal margin), extent and site of lymphadenopathy (external, 
mediastinal, and retroperitoneal), hemoglobin (Hb) concentration, 
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peripheral WBC and platelet counts, differential counts of WBC in 
peripheral blood, 12 channel-autemated serum biochemical parame- 
ters, serum immunoglobulin levels, and bone marrow parameters 
including cellularity and differential count. In addition, the present- 
ing Rai classification stage was considered. 


Statistical Methods 


Survival curves were plotted according to the method of Kaplan 
and Meier.” Comparison of curves was based on log-rank tests.” 
Prognostic-factor analyses are sometimes criticized because of fail- 
ure to identify an independent population in which the regression 
model can be validated.” For this purpose we randomly divided the 
325 cases into training and test subsets containing 217 and 108 
cases, respectively, so that we could identify important prognostic 
factors in one set of data and validate them in a second.” 

Using patient characteristics identified in univariate analyses, a 
proportional hazards regression analysis’ was carried out in the 
training set cases. We assumed that the hazard rate (the instanta- 
neous risk of death among patients having survived until time t) has 
the form 


A(t) 
GE ~ 
© X(t) 


in which A(t) is the hazard rate for the ith patient whose coded 
patient characteristics are Z, 2), ..., Zp, A(t) is the hazard rate for a 
patient for whom all characteristics are coded 0. 

Measured characteristics were coded by initially dividing the 
cases into a maximum of five subgroups of about equal size and then 
pooling subgroups with similar survival curves. 

To identify the characteristics to be included, we used the forward 
stepwise selection approximation suggested by Peduzzi et al.” 
Characteristics entered the model according to their level of signifi- 
cance, after adjusting for the influence of the ones already selected, 
until the p-value for adding another characteristic exceeded 0.05. 
The data were then re-analyzed, with only the characteristics 
identified, using the more accurate maximum partial likelihood ratio 
statistics in the forward stepwise selection and stopping when the p 
value for adding an additional variable was above 0.01. 

To assess the quality of the model, we: (1) divided the training set 
cases into three risk groups according to the fitted hazard rates and 
compared the corresponding survival curves; (2) repeated the proce- 
dure for test set cases; and (3) re-estimated the regression coeffi- 
cients for the characteristics in the mode! based on cases in the test 
set. A characteristic was excluded from the model, and the whole 
process was restarted if the new estimate failed to exceed its 
standard error. 

Smoothed estimates of annual mortality rates were derived as 
suggested by Simes and Zelen. The BMDP library of programs” 
was used for all analyses. The BMDP special function RNDU was 
used for the random assignment of cases to the training and test 
subsets. 


= BZ + Bato, +... + Bly 


RESULTS 


The overall median survival from the date of referral to 
our institution was 5.4 years; 25% of patients survived 
beyond 10 years, while 10% of patients died within 1 year. At 
the time of analysis, 192 of 325 patients had died, and 
median follow-up among the 133 surviving patients was 5.2 
years. Among the 150 patients with known causes of death, 
this was due to complication of advanced CLL in 33%; 
infections, predominantly pneumonia, in 25%; unrelated 
diseases (cardiovascular, renal) in 23%; second malignancy 
in 7%; other leukemias in 6%; and bleeding in 5%. Patient 
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characteristics of the training and test sets were comparable, 
and survival curves were almost identical (Fig 1). 


Univariate Analysis of Prognostic Factors 


Clinical characteristics. The univariate analvsis of the 
clinical characteristics is presented in Table 1. The median 
age was 62 years (range 25 to &8 years), and survival 
progressively declined with advancing age. Males, repre- 
senting 61% of our patients, and blacks, representing 9%, had 
significantly shorter survival than other patients. The num- 
ber of patients referred to our institution was fairly even 
throughout the period, and there was no difference in 
survival by year of diagnosis, despite differences in therapy 
and supportive care throughout these periods of time. Fifty- 
six percent of patients were referred within | month of 
diagnosis and had significantly shorter median survival than 
others. Early referrals (within 1 month of diagnosis) tended 
to have advanced disease (Rai 3 or 4) more frequently than 
later referrals (32% v 13%). Poor performance status, symp- 
tomatic state, and weight loss were all associated with 
shorter survival. Patients who presented with externa! 
lymphadenopathy at any site greater than 1 cm, mediastinal 
lymphadenopathy, or hepatosplenomegaly had a significant 
survival disadvantage, although the degree of hepatosple- 
nomegaly did not influence survival. 

Hematologic characteristics. Hemoglobin concentra- 
tion, platelet counts, WBC counts, absolute lymphocyte 
counts, and percentage of polymorphonuclear cells in the 
peripheral blood influenced survival. A distinct stepwise 
relationship was noted between the hemoglobin levels and 
survival but not between platelet count and survival. The 
absolute WBC counts and absolute lymphocyte counts in the 
peripheral blood were inversely associated with survival, 
whereas the percentage of polymorphonuclear cells was 
directly related to improved survival. 

Serum biochemical parameters and immunoglobulins. 
All the biochemical parameters, except serurn bilirubin levels, 
demonstrated a strong correlation with survival. Survival of 17 
patients with monoclonal gammopathy was not significantly 
different from the survival of the remaining patients. The 
immunoglobulin levels, available for 210 patients without 
monoclonal gammopathy, failed te demonstrate any associa- 
tion with survival. 

Bone marrow studies. Bone marrow differential counts 
were available in 185 patients and cellularity in 207. Bone 
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Fig 1. Overall survival of 
the studied patients with CLL. Pe ENER eae eC oe 
----, Training set (N = 217): 
. Test set (N = 108). 
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Table 1. CLL Univariate Analysis: Characteristics Influencing Survival 





No. of Median Significance 








Characteristics Category Patients Survival Years Level 
|. Clinical Features 
Age (in years) =50 42 9.0 
51-60 99 6.2 <O.001 
61-70 120 5.2 
>70 64 3.3 
Sex Male 197 4.7 
Female 128 7.4 <0,007 
Race Black 29 3.3 
Other 196 5.8 0.002 
Year of diagnosis 1970-74 135 5.3 
1975-79 132 5.6 0.83 
1980 + 58 Not reached 
Duration since diagnosis s1 month 182 4.7 
21 month 143 7.4 <9,004 
Performance status (Zubrod scale} 8) 287 5.9 
214 37 1.8 «<Q OO 1 
Weight loss No 248 6.0 
Yes 71 2.8 <Ü 
External lymphadenopathy No 80 10.2 
Yes 245 5.0 <O.007 
‘Mediastinal lymphadenopathy No 289 5.8 
ee Yes 35 3.7 0.008 
Hepatom No 239 6.5 
oe Yes 86 2.8 <0.001 
No 198 7.4 
Yes 126 3.8 A IO 7 
fl. 
<11 67 3.1 
11-12.9 83 5.3 <O.G01 
13-14.9 114 5.8 
215 61 8.1 
Platelets {x 10/yL) = 100,000 28 3.5 
> 106,000 297 5.8 0.016 
WBC (x 10/yl) 525,000 109 9.0 
25-50,000 94 6.3 <0.00 4 
>50,000 121 3.7 
Absolute lymphocyte counts (x 10/,L)} =20,000 112 8.6 
20-40,000 80 6.0 <.O01 
>40,000 132 3.9 
Percent of polys s5 78 3.1 
6-20 144 5.6 <O.004 
>20 103 8.3 
ili. Biochemical Features 
Albumin (g/100 mL} $4.5 170 4.4 
>4.5 148 5.9 00109 
Calcium (mg/ 100 mL} $8.5 27 2.1 
>8.5 290 5.8 <0.001 
Uric Acid (mg/ 100 mL) s4 36 Not reached 
4.1-6 124 6.6 
6.1-8 123 4.8 <0.004 
>8 33 3.4 
BUN $20 233 6.2 
>20 84 3.3 <O.0014 
Creatinine (mg/ 100 mL) £1.4 288 5.8 
>1.4 29 2.1 <0.601 
Bilirubin (mg/100 mL) £1.0 297 5.5 
>2.0 19 4.1 0.39 
Alkaline phosphatase (mU/mL) £80 180 6.3 
>80 134 3.5 <O.007 


{continued on following page) 
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Table 1. {Continued} 


Characteristics 
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IH, Biochemical Features (Continued) 
LOH (mU/mL)} 


SGOT (U/L) 


iV, immunogiobulin 
Monoclonal gammopathy 


igG (mg/100 mL) 


IgA {mg/100 mL) 


IgM (mg/ 100 mL} 


V. Bone Marrow Features 
Cellularity (%} 


Percent lymphoid 


Percent myeloid 


Percent erythroid 


VI. Rai Stage 


No. of Median Significance 

Category Patients Survival Years Level 
2225 217 5.9 

226-350 65 4.8 <Q,001 
>350 30 2.6 
£20 129 5.8 

21-40 158 5.5 0.038 
> 40 23 5.2 

No 210 5.8 

Yes 17 4.4 0.97 
3650 45 5.9 

651-1000 82 5.8 0.80 
> 1000 83 5.7 
275 108 5.8 
>75 101 5.8 0.52 
=30 9 1.3 
>30 201 5.8 0.15 
450 97 8.3 

50-90 82 5.1 <0.001 
>90 28 3.1 
#250 97 8.3 

59-90 82 7.9 <0.001 
>90 28 2.2 
55 55 3.8 
>$ 130 8.3 <0.001 
45 72 5.0 

5-10 45 6.5 0.010 
>10 68 9.6 

0 58 Not reached 

1 110 6.2 

2 81 4.3 <0.001 

3 47 2.7 

4 


29 3.3 





marrow cellularity and percentage of lymphoid cells in the 
bone marrow differential were inversely associated with 
survival, while higher percentages of myeloid (>5%) and 
erythroid (>10%) cells had a significant positive influence on 
survival, 

Rai stage. Survival by Rai stage is shown in Fig 2. Rai O 
patients have not reached a median survival. Median surviv- 
als of Rai | and 2 patients were 6 years and 4.2 years, 
respectively. There was no difference in median survival 
between Rai 3 and 4 patients. 


Multivariate Regression Analysis 


Forward stepwise selecticn-regression analysis, using the 
cases in the training set, resulted in selection of serum uric 
acid level, performance status, presence of external lymphad- 
enopathy, serum creatinine level, and age, in the order listed, 
all with P values less than 0.01. This model, although 
confirmed in the test set of cases, depended on performance 
status, which is a subjective measurement, in a retrospective 
analysis of chart review. 

A regression analysis, excluding performance status, 
selected the following: uric acid level, alkaline phosphatase 


level, lactate dehydrogenase level, presence of externa! 
lymphadenopathy, and age, all with levels less than .01 
(Table 2). Risk scores were calculated for each patient by 
using the regression equation (Table 2). Patient risk score 
distribution is shown in Fig 3. The training set was divided 
into three risk groups, using cut-points of 1.7 and 3.0, 
Survival curves for these low, intermediate, and high-risk 
groups are given in Fig 4. The regression model was validated 
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Table 2. Multivariate Analysis of Prognostic Factors in CLL 


Vip te DIORA ET AOM imamai nan 


Total Population 


Characteristic Code Training Set Testing Set 
1. Summary of Regression Model Analysis Relating Survival to Admission Features * 
Uric acid (mg/ 100 mi) O= 54; 1=4. 1-6; 0.46 (0.12) 0.47 (0.16) 0.44 (0,10) 
2=6.1-8; J=>8 
Alkaline phosphatase (mU/mL} O- =80; 1=>80 0.51 (0.19) 0.43 (0.27) 6.50 (0.15) 
LDH imU/mt} O= 3225; 0.46 (0.13) 0.29 (0.19) 0.42 (0.17) 
1=226-350; 
2=>350 
External lymphadenopathy O-no; 1=yes 0.88 (0.25) 0.63 (0.33) 0.83 (0.20) 
Age (in years) O= 350: 0.28 (0.10) 0.53 (0.16) 0.35 {0.09} 
1-51-60; 
2=61-70: 
3=>70 
i, Regression Model 
in a = 0.44 (uric acid) + 0.50 (alkaline phosphatase) + 0.42 (LDH) + 0.83 (external lymphadenopathy) + 0.35 (Age) 


eee I ü r eae TER TNE ee 


*Entries are regression coefficient and standard errors. 


by demonstrating significant segregation of risk groups in the 
test set of patients (P < 0.001) (Fig 5). 

Re-estimation of the regression coefficients for the five 
characteristics, using only the cases in the test set, shows 
comparable estimates to those of the training set, further 
confirming the importance of these variables in an indepen- 
dent population and validating the model (Table 2). The 
final estimates used in the regression equation are derived 
from the 307 patients with complete data from the combined 
training and test subsets (Table 2). 

The prognostic significance of several patient characteris- 
tics available only on smaller subsets of patients (generally 
the more recent ones) was analyzed. Bone marrow biopsy 
findings were available on 185 patients. When various 
regression models were fit that included terms for uric acid 
level, external lymphadenopathy, alkaline phosphatase level, 
LDH level, age, and one or more of the bone marrow biopsy 
findings, only the percentage of myeloid cells made a signifi- 
cant but marginal contribution (P = 0.035). 

Assignment of patients to risk groups using the detailed 
regression equation is inconvenient for routine clinical use. 
We examined several simplified alternative models in which 
all of the characteristics were limited to two categories. One 
of these, with uric acid coded 0 if <7.0 and | if >7.0, with 
LDH coded 0 if £325 and 1 if >325, and with age coded 0 if 


} : 
» j 
| 
! | 
: g 
E 24 | 
| E 
E AA 
| = 
LLL L 
H f ~ ananman memeng 
2 e a E. Fig 3. Distribution of risk 
RISK SCORE scores in the training set. 


s60 and | if >60, produced a separation of survival curves 
into three groups that was nearly as good as for the detailed 
model. The new equation is: @, [A,(t)]/{A,(t)] = .68 (urie 
acid) + 0.52 (alkaline phosphatase) + 1.13 (LDH) + 0.82 
(external lymphadenopathy) + 0.59 (age). 

Choosing cutpoints of 1.0 and 2.2 leads to risk groups 
having survival curves shown in Fig 6. The low-risk (score 
<1.0) group includes only patients with LDH 3325 and no 
more than one unfavorable characteristic among uric acid, 
alkaline phosphatase, external lymphadenopathy, and age. 
The intermediate-risk (score 1.1 to 2.2) group includes 
patients with LDH >325 and at most one unfavorable 
characteristic, or LDH <325 and two to three other unfavor- 
able characteristics. The high-risk (score > 2.2) patients are 
those with LDH >325 and two other unfavorable character- 
istics or those with any four or more unfavorable characteris- 
tics. Table 3 summarizes these criteria for easier clinical 
application. 


Comparison of the Regression Model with Rai Staging 


The distribution of patients by different risk groups and 
Rai stages is shown in Table 4. We evaluated the capacity of 
the regression model to identify groups of patients with 
different survivals within each of the Rai stages. As shown in 
Table 5, the regression model was useful in identifying 
patients at high risk even in the Rai 0, 1, and 2 categories. H 
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-+++, High risk (N = 48). NME (YEARS) 
also identifed patients with relatively better prognosis 
among Rai | to 2 or 3 to 4 stages, compared to their expected 
median survival by Rai stage. 


Changes in Pattern of Referral and Influence of Therapy 
on Survival 


The difficulties in evaluating the effect of therapy in 
patients referred over a period of 13 years and who have 
received multiple therapies sequentially for a chronic disease 
are obvious. Recently, patients with advanced Rai 3 and 4 
disease have been treated with intensive combination chemo- 
therapy such as prednisone, vincristine, cytosine arabinoside, 
cyclophosphamide, and adriamycin (POACH). The patterns 
of supportive care have also been relatively similar. 

To define the possible effect of change of therapy, patients 
were divided into two equal groups, before 1976 and since 
1976, which also corresponded to the time when more 
intensive regimens were being introduced for late-stage 
CLL. As shown, no change in the referral pattern by Rai 
Staging was observed. Overall the median survival was 
similar in the two periods. More importantly, within early 


Table 3. Criteria for a Simplified Risk Group Assignment 


No. of Unfavorable 


Characteristics* LOH £325 LOH >325 
0-1 Low intermediate 
2-3 intermediate High 
4 High High 





“Unfavorable characteristics: Uric acid >7.0 mg/100 mL; alkaline 
phosphatase >80 mU/mL; external lymphadenopathy present; and age 
>60 years. 
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Table 4. Distribution of Patients by Risk Category 
and Rai Stages (307 Patients) 





arona menan 


No. of Patients {percent} 





Risk Category 





Rai Stage Low intermediate High 

0 41 (13) 16 (5) ae 
1-2 35 (11) 125 (41) 18 (6) 
3-4 11 (4) 34 {11} 27 (9) 
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and late Rai stages, by year of therapy (Table 6), no obvious 
change in median survival was observed either, indicating the 
stability of the population course despite the variability of 
therapeutic approaches over this period of time. 


DISCUSSION 


The identification of the prognostic factors that contribute 
to the heterogeneity of CLL disease is useful for individual 
prognostication and for therapeutic planning. This analysis 
of 325 previously untreated CLL patients from a single 
institution identified 29 characteristics strongly associated 
with survival duration. The study confirms the prognostic 
importance of several previously described features. The 
adverse prognosis of characteristics such as weight loss, 
performance status, hepatomegaly, splenomegaly, increased 
WBC and lymphocyte counts, elevated serum alkaline phos- 
phatase, LDH, and uric acid levels probably reflect increased 
tumor burden. The poor prognosis associated with anemia 
and thrombocytopenia probably measures bone marrow 
function compromise secondary to the increased leukemic 
infiltrate.''* Abnormal biochemical parameters such as the 
serum calcium, albumin, and BUN and creatinine levels had 
significant adverse influences on survival, possibly indicating 
a poor host biological status and organ dysfunction. 

Monoclonal gammopathy, mostly involving IgM, was 
present in 7% of patients.*“*°* The presence of monoclonal 
gammopathy and the level of serum immunoglobulins were 
not associated with survival differences.“ Bone marrow 
disease features correlated with peripheral blood patterns. 
The extent of marrow involvement expressed by the cellular- 
ity and the percentage of lymphoid cells were inversely 
correlated with survival.” While the importance of histo- 


Table 5. Survival of Patients by Risk Category Within Rai Stages 
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Median 
Rai Risk No. Se recta. + Ran 
Stage Category Patients Rai Risk Level 
0 Low 4i 164+ 1644 0003 
intermediate 16 40 
1 Low 23 100 
intermediate 70 74 70 00014 
High 9 27 
2 Low 12 122 
intermediate 55 52 51 O17 
High G 29 
3-4 Low 11 57 
intermediate 34 38 29 .O2 
High 27 24 
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Table 6. Changes in Referral Patterns and Patient Outcome 
by Year of Therapy 





Percentage of Patients 





Significance 
Characteristic 1970-1975 (#172) 1976-1983 (#153) Level 
i. Rai No. (percent) No. (percent) 
Stage 
0-2 131 (76) 117 (77) 
3-4 41 (24) 35 (23) 0.96 
i. Median Survival (Months) 
Overall 62 80 017 
Rai 0-2 70 Not reached 0.10 
Rai 3-4 29 37 0.65 


pathologic patterns of bone marrow involvement, B cell 
markers, and cytogenetics have been appreciated recent- 
iy, these features were excluded from our analysis 
because they were available in only a small fraction of the 
patients. 

Confirmation of the validity of a regression model in an 
independent population is essential for further clinical appli- 
cation.” In this study the regression model was derived from 
a training set of two thirds of patients and confirmed in the 
test set of the remaining one third. The derived regression 
model segregated patients into three separate low-, interme- 
diate-, and high-risk groups with 5-year survival rates of 
15%, 59%, and 14% respectively. Four of the five characteris- 
tics included in the model (uric acid, alkaline phosphatase, 
LDH, external lymphadenopathy) are probably indicators of 
high tumor burden, cellular turnover, or aggressive disease. 
The fifth characteristic (age) is host-related and may reflect 
the influence of a combination of different measurements of 
host status, such as organ dysfunction, tolerance to therapy, 
and other medical illnesses. It is interesting that the annual 
mortality rate in each risk group remains significantly dif- 
ferent throughout the follow-up period. Annual death rates 
ranged from 2% to 9% for the low-risk, 9% to 23% for the 
intermediate-risk, and 31% to 42% for the high-risk groups 
(Fig 7). This supports the concept that CLL heterogeneity is 
not simply due to detection of patients at different time 
intervals from onset of disease but that it is truly due to 
different disease biology. CLL may thus represent a spec- 
trum of diseases with significantly disparate biologic pat- 
terns and therapeutic implications. Future studies of cellular 
markers, cytogenetics, oncogenes, and growth patterns in 
CLL may help identify these CLL subcategories as different 
entities that can presently be categorized prognostically on 
the basis of clinical and biochemical parameters. 

The Rai classification is presently widely accepted and 
confirmed as a useful clinical staging in CLL.” Any proposed 
new classification, or prognostic model, should provide added 
value to the Rai staging. Our regression model was superior 
to the Rai staging in predicting prognosis in the overall 
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Fig 7. Risk of death per year for patients in different risk 
groups. 


population and in the test set. More import antly, it was able 
to identify, within the various Rai stages, groups of patients 
whose prognosis was different from that predicted | t 
classification. For example, 28% of patients wi 
could be predicted by the risk model to have a 
prognosis and a median survival of only 3. 5 ye 
other hand, 20% of patients with Rai | or 2 did twice a 
and 10% did twice worse than their predicted Rai staging 
prognosis. It appears, therefore, that the new prognostic 
model, which incorporates several parameters reflecting 
tumor burden, disease aggressiveness, and host factors, 
refines further the resolution of individual prognosis. Thus 
the use of the regression model alone or combined with the 
Rai staging should improve our understanding of CLL 
disease, allow better prediction of individual prognosis, and 
direct the need and timing of different therapies. 

The shortcomings of analysis of prognostic factors in 
patients with chronic illnesses who receive multiple treat- 
ments sequentially are obvious. Changes in the patterns of 
referral and in therapeutic strategies may also affect the 
natural course of the disease and modify the relative impor- 
tance of different prognostic factors.”’ In this study there 
was no change in the referral pattern or in overall survival in 
time for the total CLL population (Tables 1 and 6). More 
importantly, there were no significant survival differences 
even within early and late Rai stages, despite the changes in 
therapy in the latter category (Table 6). This indicates the 
stability of the course of CLL disease in time, supporting the 
validity of the prognostic factors derived. 

In summary, our analysis of prognostic factors in CLL 
identified important clinical and biochemical variables that 
affected survival and resulted in a regression model dividing 
patients into three different risk groups. The improved 
ability to estimate the individual prognosis of patients with 
CLL should assist in the design and analysis of subsequent 
clinical trials. 
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Functional Differentiation of Normal Human Neutrophils 


By Lewis Glasser and Roger L. Fiederlein 


in the past differentiation of human neutrophils has been 
defined by morphology, cytochemistry, or surface markers. 
in our experiments we have sequenced the various events 
that occur during the functional differentiation of the 
normal human neutrophil and have also examined some of 
the functional properties in relationship to surface markers 
and biochemical events. Granulocytes were obtained from 
the bone marrow and blood of hematologically normal 
individuals. Cells were separated into different stages of 
maturation by their physical properties using counterflow 
centrifugal elutriation and density gradient separation. 
Three cell fractions were obtained that were enriched for 
either immature myeloid cells, band neutrophils, or seg- 
mented neutrophils. Since the enriched fractions were not 
entirely pure, methodologies for functional assays were 
chosen that allowed cytologic evaluation of the functional 


IFFERENTIATION of human neutrophils is tradi- 
tionally defined by the morphology of stained cells as 
seen by light microscopy. Schilling divided developing neu- 
trophils into six morphologic subtypes: myeloblasts, promyel- 
ocytes, myelocytes, metamyelocytes, band neutrophils, and 
segmented neutrophils.’ Subsequent ultrastructural cyto- 
chemical studies showed the sequential acquisition of pri- 
mary and secondary granules, providing additional criteria 
for accurately assessing the stages of neutrophilic develop- 
ment.” Although such a classification tends to create an 
impression of step-like transitions rather than a continuous 
process, it provides useful and easily understood reference 
points for keying developmental events in the life history of 
the neutrophil. 

With the development of immunologic techniques and 
monoclonal antibodies (MoAbs), the sequential appearance 
of surface markers on the developing neutrophil is now being 
catalogued.>’ In addition to morphologic, enzymatic, and 
antigenic changes, functional changes also occur during 
differentiation. The neutrophil becomes more deformable, 
more adherent to surfaces, more actively forms pseudopods, 
more avidly ingests particles, and becomes more actively 
motile.” The maturation sequence of the functional proper- 
ties of the neutrophil has not yet been determined. Previous 
studies in our laboratory on leukemic cells suggested that the 
various functional properties of the neutrophil appear in a 
distinct order during cell development.” In the present study 
we have sequenced the various events that occur during the 
functional differentiation of the normal human neutrophil. 
Granulocytes were isolated from the bone marrow and blood 
and separated into different stages of maturation by their 
physical properties using counterflow centrifugal elutriation 
and density gradient centrifugation. Three leukocyte frac- 
tions were obtained. These were enriched or purified for 
either segmented neutrophils, band neutrophils, or immature 
myeloid cells. The enriched fractions were not entirely pure. 
Thus methodologies were chosen that allowed cytologic 
evaluation of each stage of differentiation. Phagocytosis, 
bacterial killing, chemotaxis, nitroblue tetrazolium dye 
reduction, and opsonic receptors were evaluated. Our results 
indicate that phagocytosis is acquired early, followed by 
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capacity of each cell type. The criteria used to classify the 
stages of differentiation included both morphology by light 
microscopy and DNA labeling with tritiated thymidine. 
Various neutrophilic properties were studied: Fe receptors, 
complement receptors (CR,, CR;), phagocytosis of both 
live and dead opsonized Staphylococcus aureus, microbial 
killing of S aureus, NBT dye reduction after cellular stimula- 
tion with endotoxin, and chemotaxis. Our results indicate 
that the functional properties of the neutrophil appear in a 
distinct order. The sequence for the functional differentia- 
tion of the human neutrophil appears to be the following: 
Fe receptors — immune phagocytosis —> complement 
receptors -> oxygen-independent microbial killing ~> oxy- 
gen-dependent microbial killing —> chemotaxis. 

® 1987 by Grune & Stratton, Inc. 


nonoxidative microbial killing, and that oxygen-dependent 
microbial killing and chemotaxis represent the terminal 
stages of functional differentiation. 


MATERIALS AND METHODS 


Bone marrow samples. Specimens were obtained from seven 
paid hematologically normal volunteers of the hospital staff, two 
hematologically normal individuals undergoing heart surgery, and 
one patient with Hodgkin’s disease. Informed consent was obtained. 
Not all tests were performed on all specimens. Marrow was aspirated 
from the iliac crest or sternum. Particles were disrupted by succes- 
sively passing the sample through 22-G and 25-G needles. Cells were 
resuspended in 6% hydroxyethyl starch in 0.9% sodium chloride 
(American McGaw, Irvine CA), allowed to setile at room tempera- 
ture, and the leukocyte-rich supernatant collected. Segmented neu- 
trophils and eosinophils were removed by Ficoll-Hypaque separation 
(sp. gr. 1.077) and residual erythroid cells by hypotonic lysis” 
Nucleated bone marrow cells were then resuspended in clutriation 
medium consisting of RPMI 1640 and 5% fetal calf serum. 

Counterflow centrifugal elutriation. Bone marrow cells were 
fractioned by centrifugal elutriation using a Beckman J2-21 centri- 
fuge, Je-6B rotor, standard chamber, and Cole-Parmer Masterflex 
peristaltic pump. All procedures were done at 22°C. The rotor 
speed was 1740 + 10 rpm. Fifty-milliliter samples were collected at 
each flow rate for a total of 16 fractions. Fractions that were similar 
were combined when necessary to increase the yield. The fractions 
were further enriched, if necessary, eliminating segmented neutro- 
phils using Ficoll-Hypaque separation. The viability of the cells was 
determined in each fraction prior to testing using cosin-Y dye 
exclusion. ? 

Segmented neutrophils were prepared by collecting venous blood 
in heparin, adding 2 mL of a 6% hydroxyethyl starch solution to 7 
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mi. of whole blood, harvesting the leukocyte-rich plasma, and 
eliminating the RBCs by hypotonic lysis. The blood leukocytes were 
resuspended in elutriation medium and then fractionated using 
centrifugal elutriation. Monocytes were effectively removed by the 
elutriation procedure. Conditions were similar to the separation 
procedure for bone marrow. 

Criteria used to classify stages of neutrophil differentia- 
tion. Stages of neutrophil differentiation were evaluated by mor- 
phologic criteria from smears stained with Romanowsky dyes and by 
autoradiography after DNA labeling with tritiated thymidine.” 
Nuclei were considered labeled if five or more grains were counted. 
The criteria are listed below: 

(1) Myeloblasts range from 15 to 20 um in diameter and have 
round nuclei with stippled chromatin with one or more nucleoli, a 
high nuclear/cytoplasmic ratio, and nongranular cytoplasm. They 
show nuclear labeling with tritiated thymidine. 

(2) Promyelocytes differ from myeloblasts by the appearance of 
azurophilic granules in the cytoplasm. 

(3) Neutrophilic myelocytes differ from promyelocytes by the 
appearance of specific neutrophilic granules. The nuclei show some 
chromatin condensation, and nucleoli are not as prominent as in the 
preceding stage. On Romanowsky-stained smears, the cells have 
round, oval, or flattened nuclei without indentation; however, this 
criterion was superseded when indented nuclei showed labeling with 
tritiated thymidine.” 

(4) Neutrophilic metamyelocytes differ from myelocytes by the 
appearance of a nuclear indentation and absence of nuclear labeling 
with tritiated thymidine. 

(5) Neutrophilic bands differ from metamyelocytes in that the 
nuclear indentation is more than half the diameter of a hypothetical 
circle and the nucleus has parallel sides. 

(6) Segmented neutrophils differ from bands in that the nucleus is 
divided into lobes separated by a thin filament with no visible 
nuclear chromatin between the two sides. 

Fe-IgG receptors. Fe-lgG receptors (FcR) were detected by 
rosette formation with group O type Rh, Rh, erythrocytes sensitized 
with human anti CD (Ripley) serum (EA,,).'*° Rosettes of sensi- 
tized erythrocytes attached to leukocytes were evaluated in wet 
preparations and on stained smears prepared with a Lare spinner 
(Corning Glass Works, Medfield, MA). The percentage of positive 
cells at each stage of differentiation was evaluated by morphology 
from the smears. A positive cell was considered to be a leukocyte 
with one or more attached erythrocytes. Anti-Leu-11b (Becton 
Dickinson, Mountain View, CA) was also used to study the Fe 
receptor.’ Immunogold was used as the detection system (Geomet- 
ric Data, Wayne, PA). Twenty microliters of 10° leukocytes was 
mixed with 20 uL of 0.5% paraformaldehyde and 5 uL of anti- 
Leu-} 1b. The suspension was incubated at 5 °C for 15 minutes. The 
paraformaldehyde was necessary in this initial step to prevent 
phagocytosis of the colloidal gold by the phagocytes. After washing, 
20 ul. of the colloidal gold reagent was added and incubated at room 
temperature for 15 minutes. Cells were washed, 5 uL of autologous 
EDTA plasma was added, and the cells were incubated for 20 
minutes at 37 °C. Two microliters of 30% bovine albumin was then 
added, and push smears or cytocentrifuged slides were prepared and 
stained. Positive cells have dark blue-black particles visible on the 
cell surface. 

Complement receptors. Complement receptors were assayed 
with MoAbs (Becton Dickinson}: anti-CR, (C3b, C4b receptor), 
anti-CR,;/anti-Leu-15 (C3bi receptor). The method is similar to 
that described for FeR using MoAbs and immunogold. The classifi- 
cation of the different stages of differentiation was easily evaluated 
from Romanowsky-stained smears. 

Phagocytosis. Neutrophil phagocytosis was evaluated using S 
aureus (ATCC strain 25933) as the test particle. The bacteria were 
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opsonized by adding normal pooled human AB serum for 30 minutes 
at 37°C. Live bacteria were used to determine the percentage of 
phagocytic reutrophils, since this results in optimal phagocytosis.” 
Bacteria that were heat killed at 60°C for one hour were used to 
evaluate differences in the number of particles ingested per phago- 
cyte to eliminate intracellular bacterial multiplication as a variable. 
in the reaction mixture the concentration of the specific neutrophilic 
cell-type being evaluated was 1,000/uL, the bacteria to leukocyte 
ratio ranged from 20:1 to 50:1, the final test volume was 0.5 mL, and 
the suspending medium was pooled human AB serum. The leuko- 
cyte-bacteric] mixtures of each of the fractions were incubated for 
one hour at 27 °C, with constant agitation, in polystyrene test tubes. 
Then the leakocytes were labeled with tritiated thymidine for 60 
minutes. Smears were made with a Lare spinner. All smears were 
stained with Giemsa solution. Five hundred cells at each stage of 
differentiation, except for myeloblasts and progranulocytes, were 
evaluated for determining the percentage of phagocytic cells, and 50 
phagocytic cells at each stage were evaluated for the number of 
ingested particles per phagocyte. 

Microbial killing. Bacterial killing was assayed by a modifica- 
tion of Cline s technique using S aureus.” Mixtures of bacteria with 
the specified cell type were incubated at a ratio of 20:1 for 30 
minutes at 37°C in a test tube with continuous agitation. After 
phagocytosis, the cells were washed. A 0.5-mL solution of McCoy's 
medium with 30% AB serum and tritiated thymidine (New England 
Nuclear Corp, Boston, 60 to 80 Ci/mmol) was added to 1.0 mL of 
the cell suspension. The final mixture contained 3 aCi of tritiated 
thymidine. Cells were incubated for 30 minutes at 37 °C for labeling, 
and slides were prepared for autoradiography. The total number of 
intracellular organisms and the number of organisms associated with 
grains were counted in 50 phagocytic cells of each neutrophilic cell 
type. The percentage of viable bacteria was calculated from the 
percentage of bacteria labeled, corrected for 100% labeling." 

Autoradicgraphy. Cells were labeled with tritiated thymidine of 
high specific activity (60 to 80 Ci/mmol) for the labeling of both 
leukocytes aid bacteria, as described above. Autoradiography was 
done as deseribed by Durie and Salmon. Smears were stained 
through the emulsion with Giemsa solution. 

Nitroblue tetrazolium dye reduction. The respiratory burst was 
evaluated by a modification of the cytochemical technique of Park et 
al.” Cells were suspended in 0.5 mL. of AB serum to which 0.05 mL 
of 100 ng/mL of Bacto lipopolysaccharide (Difco, Detroit) was 
added. A 0.i-mL aliquot of this mixture was added to an equal 
volume of 0. % nitroblue tetrazolium (Sigma, St. Louis). A drop of 
the mixture was added to a glass slide, and the cell suspension was 
covered with a coverslip that was sealed and then incubated at 37 °C 
for 30 minutes. In two experiments cells were examined with phase 
and light microscopy to evaluate both the stage of cellular matura- 
tion and dye reduction. At least 200 cells were counted in each 
fraction. In another experiment we attempted to improve the identi- 
fication of the stage of cellular differentiation by vital staining with 
acridine orange (Fisher Scientific. Fair Lawn, NJ). Freshly pre- 
pared acridine orange (AQ) solution (14.0 mg/100 mL in HBSS, 
pH 7.2) was added to the cells, mixed, and stained for 45 seconds at 
room temperature. The AO-stained cells were 98% viable. The cells 
were then suspended in 0.5 mL of AB serum to which 0.05 mL of 
endotoxin wes added, and the remaining procedure was identical to 
that described previously. Nitroblue tetrazolium (NBT) dye reduc- 
tion was evaluated by light microscopy and cell morphology by both 
light and flucrescent microscopy. 

Locomotion. Chemotaxis was evaluated in vitro by the agarose 
technique.” The total inoculum of the desired cell type was 10°. 
The chemotactic well was filled with thawed fresh-frozen AB serum. 
interaction cf the agarose with the serum generates complement- 
derived chemotactic factors, eg, C5a. Cells were incubated for five 
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hours at 37°C in 5% CO, atmosphere with humidity and were 
stained with Giemsa solution. Chemotaxis was quantitated by 
counting all the leukocytes of the desired cell type that had migrated 
out of the well. The cells were identified by light microscopy under 
oil immersion (x 1000). 

Electron microscopy. Leukocytes were fixed in 3% glutaralde- 
hyde made up in 0.1 mol/L phosphate buffer, postfixed in osmium 
tetroxide, dehydrated in alcohol, and embedded in Spurr’s epoxy 
resin. Sections were cut on a Sorvall MT2-B ultramicrotome and 
mounted on uncoated 200-mesh grids. A 5% aqueous uranyl acetate 
solution followed by lead citrate increased contrast. The grids were 
lightly carbon coated and examined with the Hitachi HU-12 elec- 
tron microscope. In one experiment, phagocytic myeloid cells were 
classified ultrastructurally using myeloperoxidase as a marker for 
primary granules. After phagocytosis cells were fixed in cold 3% 
glutaraldehyde (pH 7.2), washed, and reacted with diaminobenzi- 
dine (1 mg/mL) in 0.05 mol/L Tris buffer containing 0.03% 
hydrogen peroxide for two hours in a dark room. There was no 
postfixation in osmium tetroxide or staining with uranyl acetate or 
lead citrate. 


RESULTS 


Leukocyte fractions. Neutrophilic leukocytes were sepa- 
rated from the bone marrow or blood on the basis of size and 
density using gradient-density separation and counterflow 
centrifugal elutriation, which provided sufficient numbers of 
cells for functional testing. Mean leukocyte viability of the 
fractions used for testing ranged from 95% to 100%. We were 
able to obtain fractions of segmented neutrophils from the 
blood essentially free of contamination from band neutro- 
phils and fractions of band neutrophils from the bone mar- 
row essentially free of segmented neutrophils. The fraction of 
immature cells from the bone marrow contained a mean of 
60% intermediate (myelocytes and metamyelocytes) neutro- 
phils and 3.9% promyelocytes. It also contained a moderate 
number of band neutrophils. The percentages of each cell 
type in each fraction are shown in Table 1. Since the enriched 
fractions were not entirely pure, techniques for the measure- 
ment of neutrophil function were selected that allowed 
cytologic evaluation. 

Fc-IgG receptors. The percentage of EA rosettes in wet 
preparations and stained smears were in close agreement. In 
stained smears, sensitized erythrocytes that attached to Fe 


Table 1. Differential Counts of Hematopoietic Cells From Bone 
Marrow and Blood Separated by Centrifugal Elutriation 











Fractions * 

Segmented Band immature 

Cell Type Neutrophils Neutrophils Neutrophils 
Myeloblast 0 0.9 + 0.3 0.6 + 0.3 
Promyelocyte o 1.8 + 0.6 3.9 + 0.8 
Myelocyte 0.3 + 0.2 9.3 + 1.5 35.8 + 2.7 
Metamyelocyte 09+0.4 243+ 2.2 23.8 + 2.6 
Band neutrophil 46+2.2 60.2 + 1.9 18.2 + 1.8 


Segmented neutrophil 86.9 + 2.3 4.3 + 
Otherst 


16¢ 3.14 1.4t 
14.6 + 2.8 





*Mean + SEM (n = 9). Results are expressed as a percentage. 

+Others (lymphocytes, monocytes, eosinophils, basophils, plasma 
celis, normobiasts} 

t¢Contaminating segmented neutrophils were eliminated by density 
gradient centrifugation. 
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Table 2. Expression of Fc Receptors (EA, Rosettes} 
on Differentiating Neutrophils 
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Stage %* 
Myeloblast ~= $ 
Promyelocyte ae 
Myelocyte 42 
Metamyelocyte 55 
Band neutrophil 78 
Segmented neutrophil 82 


*Mean values {n = 2 experiments). 
tToo few cells seen for evaluation. 


receptors on leukocytes were closely applied, frequently 
molded, and often showed fine hairlike projections extending 
from the erythrocyte to the leukocyte. The earliest cells, in 
which Fe receptors were detected, were promyelocytes. Fe- 
positive cells reached their optimal expression at the b nd 
and segmented neutrophil stages (Table 2). Re: 
rosette technique differed from those obtained 4 
Leu-!1b. In two experiments using the MoAb, onl 
mature neutrophils were Leu-11b positive: 82%: 
neutrophils, 40% band neutrophils, 3% neutrophil 
myelocytes, 0% neutrophilic myelocytes, 0% promyeto 

0% myeloblasts. 

Complement receptors. Monoclonal antibodies to 
complement receptors detected CR, and CR, on neutrophilic 
leukocytes. These receptors appeared later in development 
than FcR. Complement receptors were occasionally detected 
on promyelocytes. CR, appeared first and was the dominant 
receptor in later stages of development. CR, was first 
detected at the promyelocyte stage. A marked increase in 
expression occurred in cells of the nondividing maturation 
pool. Thus metamyelocytes had a sixfold increase in positive 
cells compared with myelocytes. Greater than 90% of band 
and segmented neutrophils reacted with anti-CR, (anti- 
Leu-15). Results are summarized in Table 3. 

Phagocytosis. Even a rare blast had the capacity to 
phagocytize, and the number of phagocytic cells gradually 
increased as the cells matured. The phagocytic capacity of 
immature cells was confirmed by electron microscopy (Fig 
1). There was a sharp increase in phagocytic cells as cells 
entered the nondividing maturation pool. Thus there were 
more than twice as many phagocytizing metamyelocytes as 
myelocytes. Peak phagocytosis was reached at the band 
stage. In two experiments mean values for the percentage of 
phagocytic cells were: myeloblasts <1%, promyelocytes 10%, 










Table 3. Expression of CR,, and CR, on 
Differentiating Neutrophiis 
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Anti-CR, Anti-CR, 

Stage %* %* 
Myeloblast 0 0 
Promyelocyte 0 3 
Myelocyte 0 16 
Metamyelacyte 0 58 
Band neutrophil 14 82 
Segmented neutrophil 58 Gå 


*Mean values {n = 2 experiments}. 
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myelocytes 34%, metamyelocytes 84%, band neutrophils 
99%, and segmented neutrophils 99%. The phagocytic capac- 
ity (ie, bacteria/phagocyte) of each cell type showed the 
same trend as percent phagocytosis. Too few phagocytic cells 
were seen at the myeloblast and promyelocyte stage for a 
meaningful comparison with other stages of maturation. 
There was a marked increase of phagocytic capacity as cells 
entered the nondividing maturation pool. Mean values for 
two experiments showed that myelocytes ingested seven 
bacteria/cell, metamyelocytes 14/cell, band neutrophils 36 / 
cell, and segmented neutrophils 38 /cell. 

Stimulated NBT dye reduction. The techniques used in 
these experiments allowed us to identify each morphological 
stage of differentiation showing nitroblue tetrazolium dye 
reduction. The results were striking. Only band and seg- 
mented neutrophils showed a “respiratory burst,” as evalu- 
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Fig1. Electron micrographs of granulocyte 
precursors obtained from the bone marrow of 
normal subjects. (A) This cell is consistent 
with a progranulocyte. It has an ovoid nucleus 
with euchromatin and two nucleoli (Nu). There 
are numerous electron dense cytoplasmic 
granules (g). The Golgi (Go) zone is large. 
Adjacent to the Golgi is a phagocytized bacteri- 
um, Staphylococcus aureus (arrow). The 
microorganism is surrounded by an electron- 
dense materia! that may represent plasma pro- 
tein opsonins. No phagolysosome formation is 
evident. (Urany! acetate, lead citrate, original 
magnification x 12,400, current magnifica- 
tion x 8,060.) (B) Immature granulocyte. The 
cell contains numerous mature primary peroxi- 
dase-positive electron-dense granules, has a 
slightly indented nucleus and prominent 
nucleolus, and lacks peroxidase in the endo- 
plasmic reticulum. This cell is a “hiatal” cell in 
transition between a promyelocyte and myelo- 
cyte. A bacterium (arrow) has been phagocy- 
tized. It is in a vacuole to which numerous 
peroxidase-positive granules are adherent, 
forming an incipient phagolysosome. (Diamino- 
benzidine, original magnification x 13,200; cur- 
rent magnification » 8,580.) 


ated with the cytochemical technique. Also there was a 
significant difference in NBT reduction between band and 
segmented neutrophils (p < 0.05), Mean values in three 
experiments were: myeloblasts 0%, promyelocytes 0%, inter- 
mediate neutrophils (myelocytes and metamyelocytes) 1%, 
band neutrophils 57%, and segmented neutrophils 98%. 
Microbial killing. Two normal cell donors were tested to 
evaluate bacterial killing. Both the percentage of bacteria 
killed by phagocytic cells of each cell type and the total 
number of bacteria killed by equivalent numbers of leuko- 
cytes of each cell type were determined. Two few phagocytic 
promyelocytes were seen for a statistical comparison of 
bacterial killing with other cell types; however, the few 
phagocytic promyelocytes seen showed only modest killing, 
and two thirds of the bacteria survived intracellularly. Since 
promyelocytes did not reduce nitroblue tetrazolium, all kill- 
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Fig 2. Bactericidal activity of developing neutrophils. Follow- 
ing ingestion, bacteria-leukocyte mixtures were exposed to tri- 
tiated thymidine. Autoradiographs show a progressive increase in 
bactericidal activity with progressive differentiation of the neutro- 
phil. (A) Myelocyte: Several grains on the nucleus indicate active 
incorporation of thymidine. The cytoplasm shows several labeled 
bacteria. (B) Metamyelocyte: The nucleus is not labeled. There 
are numerous ingested bacteria, some showing labeling. (C) Band 
neutrophil: Numerous intracellular dead (unlabeled) bacteria and a 
few labeled bacteria. (D) Segmented neutrophil: Numerous intra- 
cellular bacteria with only a single labeled organism. Original 
magnification x 500. 


ing was attributed to oxygen-independent mechanisms. Each 
successive stage of neutrophil differentiation showed 
increased bacterial killing with decreased numbers of viable 
intracellular bacteria (Fig 2). Myelocytes were poor killers, 
and as many as 48% of the ingested bacteria were viable. As 
in the promyelocyte, no mechanism for oxidative killing was 
demonstrated. Metamyelocytes also did not reduce NBT but 
killed a substantial number of ingested organisms by oxygen- 
independent mechanisms. A mean of only 11% of ingested 
organisms were viable after interacting with metamyelo- 
cytes. This cell type demonstrates the competence of oxygen- 
independent killing mechanisms. Band neutrophils killed 
more microorganisms both relatively and quantitatively, 
containing a mean of 8% viable intracellular bacteria. This 
cell type reduced NBT. Thus killing involved both oxygen- 
independent and oxygen-dependent mechanisms. Segmented 


Table 4. Neutrophil Differentiation and Bacterial® Killing 


A Mean 
Bacteria Killed/ 100 Cells Relative Activity 
Stage Exp #1 Exp #2 % 

Myeloblast 0 0 0 
Promyelocyte 24 o <1 
Myelocyte 282 54 4 
Metamyelocyte 1969 670 28 
Band neutrophil 3454 3100 72 
Segmented neutrophil 4004 5450 100 


* Staphylococcus aureus. 
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neutrophils were the most effective bactericidal cells. Only 
5% of the bacteria were viable after ingestion. As shown in 
Table 4, differences in the bactericidal capacity of each cell 
type are much greater when the total number of bacteria 
killed by equivalent numbers of leukocytes are compared. 

Chemotaxis. Chemotaxis was a later manifestation of 
functional maturity. Essentially no chemotaxis was observed 
except in band and segmented neutrophils. Band neutrophils 
showed approximately half the activity of segmented neutro- 
phils. In two experiments the mean chemotactic scores for 
the three fractions analyzed were intermediate neutrophils 
(myelocytes, metamyelocytes) 6, band neutrophils 424, and 
segmented neutrophils 900 (Fig 3). 


DISCUSSION 


The sequence of development of the functional properties 
of the neutrophil during differentiation has not previously 
been determined. Neutrophils must have the biological func- 
tions needed to eradicate microbes. In the inflammatory 
process a distinct sequence of events occurs. Locomotion, 
diapedesis, and chemotaxis precede phagocytosis. Ultimately 
the internal killing mechanisms of the cell destroy the 
microbe. During differentiation the functional properties of 
the neutrophil are acquired sequentially. Our data show that 
phagocytosis is acquired prior to the functions, followed by 
oxygen-independent microbial killing, whereas both oxygen- 
dependent microbial killing and chemotaxis are late manifes- 
tations of functional differentiation. According to our data 
the relative activity of each neutrophilic cell type for each 
function is shown in Fig 4. 

Fc and complement receptors are acquired early in differ- 
entiation.* Both are important in immune phagocytosis. 
Interaction of Fe receptors with opsonins trigger second 
messages, promoting both phagocytosis and superoxide gen- 
eration.” Our results show that Fe receptors appear at least 
as early as the promyelocyte stage. Results of the rosette 
technique using sensitized erythrocytes differed from those 
of the MoAb Leu-11b. The former must be considered the 
reference method for the qualitative detection of Fe recep- 
tors. There are several possible explanations for the differ- 
ences. The absence of Leu-11b on immature granulocytes 
may indicate that further molecular modeling of Fe receptors 
occurs at the band neutrophil stage. It is also possible that the 
antigenic determinant Leu-|1b is not part of the Fe receptor 
even though anti-Leu-11b inhibits the function of the recep- 
tor. Another explanation is that the FcR epitope detected by 
anti-Leu-11b is not critical for the binding of IgG-sensitized 
erythrocytes. In murine neutrophils it has been proposed that 
Fe receptors appear on the cell membrane before the cellular 
acquisition of phagocytosis.* Murine myelocytes were the 
earliest cells to acquire Fe receptors; however, only seg- 
mented neutrophils or neutrophils with O-ring nuclei were 
phagocytic. Altman and Stossel studied phagocytosis in 
developing human neutrophils, and they did not observe 
phagocytosis by promyelocytes.” In our experiments human 
neutrophils showed phagocytosis as early as the promyelo- 
cyte stage, and phagocytic capacity lagged slightly behind 
but paralleled the acquisition of Fe receptors. We used 
enriched fractions of bone marrow rather than a mixture of 
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Fig 3. 


all bone marrow leukocytes. This enabled us to standardize 
the ratios for each cell type and to diminish the competitive 
effect of more actively phagocytic cells, thereby allowing 
leukocytes such as promyelocytes to express their full phago- 
cytic potential. Enriched fractions may simply allow more 
promyelocytes to be evaluated experimentally. We also used 
a different particle, live bacteria rather than opsonized 
albumin or lipopolysaccharide-coated paraffin oil droplets. 
The type of particle and the method of preparation of the 
particle are critical. For example, in our experiments we 
noted that promyelocytes phagocytized opsonized live bacte- 
ria more readily than opsonized dead bacteria. This is 
consistent with the observation that human segmented neu- 
trophils distinguish between viable and nonviable bacteria 
and preferentially ingest live organisms.'’ The best evidence 
in humans that Fe receptors are acquired by granulocytes 
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Fig 4. Schematic representation of the relative activity of 
neutrophil functions at various stages of neutrophil differentia- 
tion. 


Fc Receptors 


Phagocytosis 


Complement Receptors 


Bacterial Killing 


NBT Reduction 


Chemotaxis 


Neutrophil migration under agarose. (A) Myelocyte/metamyelocyte fraction. The well (bottom) contains immature granulo- 
cytes that show little migration. A rare myelocyte and metamyelocyte (inset) are seen migrating toward the chemotactic attractant. (B) 
Band neutrophil fraction. A moderate number of band neutrophils migrate toward the chemotactic attractant. (C) Segmented neutrophils. 
Numerous segmented neutrophils migrate toward the chemotactic attractant. 


prior to the capacity for phagocytosis comes from studies 
with humama myeloid leukemic cell strains.” Whereas some 
leukemic strains show prominent EA,, rosettes and little or 
no phagocytosis, no Fc receptor-negative myeloid-leukemic 
strains have shown phagocytosis. Thus human leukemic cells 
clearly demonstrate that the acquisition of Fe receptors 
precedes phagocytosis. 

In addition to FcR, complement receptors also promote 
phagocytosss. Ligands derived from the third component of 
complemen. (C3) are the principal opsonic forms of comple- 
ment. Ther2 are two complement receptors on neutrophils 
that react with C3 opsonins: CR, and CR,. These receptors 
react synergistically with Fc receptors to promote phagocyto- 
sis.™™™* They appear at a later stage of development than Fe 
receptors aid phagocytosis and are not overtly expressed 
until the myelocyte/metamyelocyte stage. Once complement 
receptors are acquired, phagocytosis is enhanced. It is teleo- 
logically satisfying that the receptor for the predominant 
opsonic species C3bi appears prior to other complement 
receptors. 

The next function acquired by differentiating neutrophils 
was microbial killing. The labeling technique coupled with 
the NBT test can be used to assess the contribution of both 
oxygen-independent and oxygen-dependent bactericidal 
mechanisms. It is well established that the biochemical basis 
of NBT reduction in normal human neutrophils is due to 
superoxide generation and that cytochemical NBT reduction 
is an expression of the respiratory burst.” Phagocytic pro- 
myelocytes killed few bacteria. Promyelocytes have no 
oxidative ki ling; however, it also appears that their oxygen- 
independent bactericidal mechanisms are inoperative. Pro- 
myelocytes have primary granules that contain lysosomal 
enzymes, lysozyme, and cationic bactericidal proteins. Thus 
the armamentarium for oxygen-independent killing is pres- 
ent. It is possible that suboptimal phagolysosome formation 
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or absence of secondary granules, which contain bactericidal 
substances such as lactoferrin, accounts for impaired nonoxi- 
dative killing. Like promyelocytes, neither myelocytes nor 
metamyelocytes showed a respiratory burst; however, both 
cell types killed bacteria. The importance of neutrophilic 
nonoxidative microbial killing has been thoroughly reviewed 
by Spitznagel.” 

Oxygen-dependent bacterial killing is a late manifestation 
of functional differentiation. Only band and segmented 
neutrophils showed a substantial respiratory burst. Seg- 
mented neutrophils had significantly more activity than band 
neutrophils. These results are similar to the observations of 
Zakhireh and Root.” Since oxygen-independent and oxygen- 
dependent antimicrobial mechanisms are synergistic and 
overlapping, it may not be possible to assess their relative 
roles in band and segmented neutrophils. 

Chemotaxis is also a late manifestation of functional 
differentiation. Previous studies on immature myeloid leu- 
kemic cells indicated that random motility was expressed in 
the absence of chemotaxis.” Further modulation of the cell is 
necessary for chemotaxis. This may relate to the molecular 
modeling of C5a receptors, the translation of chemotactic 
stimuli, or the cytoskeleton. ®™ Studies using the human 
promyelocytic leukemia HL60 cell line as a model of myeloid 
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differentiation show that the binding of chemotactic factors 
to receptor sites alone is not sufficient for chemotaxis.” In 
our study chemotaxis was rarely observed except in band and 
segmented neutrophils. The latter had twice the activity of 
band neutrophils. Thus chemotaxis is expressed late and 
represents a terminal stage of functional differentiation. 

We have studied a fundamental aspect of leukocyte differ- 
entiation, neutrophil functional differentiation. According to 
these studies we propose the following sequence for the 
functional differentiation of the neutrophil: Fe receptors ~~ 
immune phagocytosis — complement receptors —> oxygen- 
independent microbial killing — oxygen-dependent micro- 
bial killing —> chemotaxis. 
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F-Actin Content of Neonate and Adult Neutrophils 


By Ann Hilmo and Thomas H. Howard 


We utilized flow cytometric analysis of NBDphallacidin- 
Stained cells to measure F-actin content. expressed as 
fluorescent channel numbers, and we compared the micro- 
filamentous cytoskeletal organization in neutrophils from 
healthy neonates {36 to 38 weeks gestational age) and 
adults. Basal F-actin content in neonate cord blood neutro- 
phils is higher than that of adults. The elevation is intrinsic 
to the cell and not related to parturition because basal 
F-actin content of neonatal cells obtained by venipuncture 
(days 1 to 8 of age) is also elevated {38 + 10, N = 15) when 
compared to adults (21 + 7.0, N = 27). The rate of 
N-formyl-methionyl-leucyl-phenylalanine (fMLP)-induced 
actin polymerization is similar in adult and neonatal neutro- 
phils and is maximal by 30 to 45 seconds at 25 °C. Adult, 
neonatal cord, and neonatal venipuncture neutrophils 
increase F-actin content to a similar extent following 0.5 
pmol/L fMLP activation (52 + 18, N = 27: 58.7 + 18,N = 


Ty ACTERIAL INFECTION is a leading cause of mortal- 

LP ity among newborns in the United States.’ Increased 
susceptibility of the neonate to bacterial infection is due in 
part to the immaturity of both the cellular and the humoral 
immune system.’ Defective mobilization of neutrophils into 
inflammatory sites was one of the earliest cellular abnormali- 
ties documented in neonates.’ An in vitro corollary of the 
ineffective mobilization of neutrophils is decreased chemo- 
tactic responsiveness of the neonatal neutrophil. Numerous 
investigators demonstrated decreased chemotactic response 
of neonatal neutrophils as compared to adult neutrophils.*”’ 
Others have suggested that neutrophils from neonates are 
defective in random locomotion, and critical studies that 
analyzed both rate and orientational elements of the chemo- 
tactic response show that both are defective in neonatal 
neutrophils as compared to adult neutrophils.’ 

The search for an explanation of the decreased motility of 
neonatal neutrophils has recently focused on the cytoskeleton 
of the cell. Studies by Cheung and Miller® showed that the 
neonatal neutrophil is less deformable than the adult neutro- 
phil. Since cellular deformability is a characteristic of the 
membrane and the cytoskeleton and since evidence indicates 
that the orientational element of neutrophil locomotion 
requires an intact microtubular cytoskeleton,” Anderson and 
co-workers studied the microtubular cytoskeleton of the 
neonatal neutrophils.’ Their studies show that when com- 
pared to adult neutrophils, neonatal cells contain fewer, 
shorter, and more disoriented microtubules than adult cells. 
These studies suggest that the defective orientational 
response of neonatal neutrophils may be related to defective 
organization of the microtubular cytoskeleton. To date the 
force-generating element of the cell, the microfilamentous 
cytoskeleton, has not been examined in the neonatal neutro- 
phil. 

The molecular composition of the microfilamentous cyto- 
skeleton in phagocytes is clearly described by Southwick and 
Stossel.'' The major component of this cytoskeleton is actin. 
Actin is a 43-kd globular protein that can condense to form 
filaments called F-actin. F-actin can serve either a force- 
generating role by interacting with myosin or a structural 
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18; 51.5 + 7.0, N = 15, respectively). However, the relative 
increase in F-actin content following fMLP activation is 
much greater in adult (2.37-foild) than neonatal neutrophils 
(1.28-fold). This difference is due to the elevated basal 
F-actin content of neonatal ceils. Comparison of distribu- 
tion of F-actin content among basal, neonatal neutrophils 
reveals two subpopulations of neutrophils with respect to 
F-actin content—approximately 25% with F-actin content 
similar to that of adult neutrophils and 75% with F-actin 
content greater than that of adult cells. Following fMLP 
activation, the subpopulations disappear. The results sug- 
gest that abnormalities in microfilamentous cytoskeletal 
organization of neonatal cells may. in part, be responsible 
for decreased chemotactic response of neonatal neutro- 
phils. 
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role through crosslinks formed with other structural proteins 
like actin-binding protein.'? Until recently quantification of 
the mass of F-actin in cells was difficult and required large 
numbers of neutrophils. Our laboratory recently described a 
simple, quantitative method for measuring F-actin content. 
The method is based upon flow cytometric analysis of 
neutrophils stained with NBDphallacidin—a fluorescent 
probe that binds specifically to F-actin.’*" 

In the studies presented we quantify the F-actin content 
and compare the microfilamentous cytoskeletal organization 
of neutrophils from neonates and adults. Our results show 
that the basal F-actin content of neonatal neutrophils is 
significantly higher than that of adult neutrophils and that 
chemotactic peptide-induced actin polymerization is signifi- 
cantly less in neonate than in adult neutrophils. Also, unlike 
adult neutrophils, neonatal neutrophils are composed of two 
subpopulations of cells with respect to basal F-actin content. 
Our results suggest that differences in the microfilamentous 
cytoskeleton in neonatal and adult neutrophils may relate to 
the differences in motility and chemotactic responsiveness of 
neonate and adult neutrophils. 


MATERIALS AND METHODS 


Preparation of leukocytes. Cord blood was obtained after 
delivery of healthy term neonates (gestational age 37 to 42 weeks by 
Dubowitz). After informed consent was obtained, venous blood was 
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collected from healthy adults and healthy term neonates (gestational 
age 36 to 42 weeks by Dubowitz) between | and 8 days of age. Whole 
blood was drawn into plastic syringes with EDTA anticoagulant. 
Samples were centrifuged in plastic tubes (900 g x 3 minutes) witha 
Beckman (Norcross, GA) TJ6 centrifuge. Plasma was removed and 
cells were suspended in phosphate buffered saline (PBS) pH 7.15 
and centrifuged (1,800 g x 10 minutes). Supernatant was discarded, 
and the buffy coat, which contains mixed leukocytes, was aspirated 
and transferred into plastic tubes. Red cells were hypotonically lysed 
in distilled water for 45 seconds and washed once in PBS. Leukocytes 
were resuspended in Hanks’/HEPES balanced salt solution” at a 
concentration of 4 x 10° cells/mL. All steps of cell preparation were 
completed at 22 °C. 

Assay of F-actin content. The leukocyte suspension (0.5 mL) 
was warmed to 25 °C. Samples were exposed to 0.5 mL of either 
dimethyl sulfoxide (DMSO) (0.01 vol % final concentration) or the 
chemotactic peptide, N-formyl-methionyl-leucy!l-phenylalanine 
({MLP: Sigma, St. Louis; 5 x 10°’ mol/L final concentration) for 
the indicated period of time. The fMLP was dissolved in DMSO. 
After indicated period of time with DMSO or fMLP, cells were fixed 
with 3.7% formalin for 15 minutes at 25 °C, stored overnight at 4 °C, 
and then permeabilized with lysophosphatidylcholine, stained with 
NBDphallacidin, and analyzed by fluorescence-activated cell sorter. 
Time from collection of blood to fixation of cells never exceeded five 
hours. 

Quantification of F-actin. Formalin-fixed cells from buffy coat 
cells were permeabilized with lysophosphatidylcholine and stained 
with NBDphallacidin as previously described.'* The sample was 
filtered with a 50-um?° nylon mesh and analyzed on a Coulter C flow 
cytometer. Mixed leukocytes were analyzed for forward light scatter 
and 90° light scatter to generate 2 dot plot. As previously described 
for permeabilized cells,’*'® neutrophils are the group of leukocytes 
on the dot plot with greatest 90° and forward light scatter. Sorting of 
cells in this gated population revealed >93% neutrophils on samples 
from neonates and adults. Cytospin preparations of the gated cells 
included only bands and segmented forms in both adults and 
neonates as previously described.'*'® The relative proportions of 
bands and segmented forms among neutrophilic cells from beth 
sources were similar (adults N = 8; bands 7.3 + 5%, the remainder 
segmented; neonates n = 8, bands 9.0 + 4.3, the remainder 
segmented; a rare metamyelocyte in both cases). 

After setting the gate for neutrophil population, the log- and 
linear-scaled fluorescence histograms from 10,000 neutrophils were 
determined (Argon Laser SW, excitation at 488 nm, and emission at 
+520 nm with a long-pass filter). Fluorescence gain and PMT 
voltage were identical for all samples. The Coulter C flow cytometer 
yields values that include mean fluorescence channel number for the 
10,000 cell population. F-actin content is expressed as mean fluores- 
cence channel number from linear-scaled histograms. Basal F-actin 
is defined as mean fluorescence channel number of cells exposed to 
DMSO for 60 seconds and is identical to cells exposed to buffer for 
60 seconds. Neither basal nor [MLP-activated F-actin content was 
affected by mode of delivery, presence or absence of labor, or 
expiration of time (one to three hours) before separation of leuko- 
cytes, 

For experiments in which cumulative, normalized histograms are 
shown, three-decade log fluorescence histograms were recorded 
concurrent with the linear histograms. In each case the log fluores- 
cence histograms included all cells observed on the linear histogram, 
and no additional outliers were present. The peak fluorescence 
channel always occupied a position approximately two thirds of the 
way through the second decade of the three-decade scale. The data 
was normalized by tracing log fluorescence histograms of samples 
onto tracing paper, marking the horizontal axis at 0.5-cm intervals, 
and dividing the histograms into constituent portions by placing 


HILMO AND HOWARD 


vertical lines at 0.S-cm intervals. Then, the total area of each 
histogram wes determined and assigned a value of 100%. Next, the 
area of each constituent portion of each histogram was determined 
and expressed as a percentage of the whole histogram area. The 
percentage cf histogram area in a 0.5-cm interval reflects the 
percentage o` cells in that interval. The data on several histograms 
were cumulatively expressed by determining the mean percent + | 
SD of cells in the constituent portions of N histograms. The areas 
were measured in triplicate with a GP-650 sonic digitizer from 
Science Accessories (Highland, NY). 


RESULTS 


Comparison of basal F-actin content. The basal F-actin 
content of neonate and adult neutrophils was compared by 
flow cytometric analysis as described in “Methods.” Briefly, 
subgroups of NBDphallacidin-stained buffy coat cells are 
characterized by forward and 90° light scatter, gated for 
neutrophils, and the F-actin content expressed as the mean 
fluorescence channel number as determined from the linear- 
scaled histogram of 10,000 neutrophils. The mean fluores- 
cence chanrel number is the mean for the entire population 
regardless cf whether subpopulations are present or absent. 

As shown in Fig 1, the basal F-actin content of neonatal 
cord blood reutrophils (35.8 + 15 [N = 18]) is significantly 
higher (P < 0.001) than that of adult neutrophils (21.0 + 7.0 
[N = 27]). Basal F-actin content of neonate neutrophils 
obtained by venipuncture is similar to that of cord blood 
neutrophils (38 + 10 [N = 15]) and higher than adult cells 
{P < 0.001). This result indicates that the elevated basal 
F-actin content is characteristic of neonate cells and is not a 
transient a>normality related to parturition. Basal F-actin 
content of cord samples was similar for neonates delivered 
vaginally or by caesarean section and was not affected by 
anesthesia tlocal v spinal) utilized (data not shown). 

Comparison of {MLP-induced actin polymerization. 
Exposure o` adult neutrophils to chemotactic stimuli, such as 
fMLP, results in rapid polymerization of actin at 25°C. 
Maximal F-actin content is noted 45 to 60 seconds after 
activation with fMLP concentrations greater than 107° 
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Fig 1. Comparison of basal F-actin content in adult and 
neonatal neutrophils. Shown are the mean F-actin content + 1SD 
from N number of samples of adult, neonatal cord, and neonatal 
venipuncture (VP) neutrophils. F-actin content is expressed as 
mean fluorescence channel number determined by flow cytomet- 
ric analysis of NBDphallacidin-stained cells. Each dot is one individ- 
ual. 
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mol/L.'* The rapid initial polymerization is followed by a 
slower depolymerization during five to ten minutes." We 
compared the fMLP-induced polymerization of actin in 
neonate and adult neutrophils. Results are shown in Fig 2. 
Activation of neonatal and adult neutrophils with 0.5 umol / 
L fMLP induces actin polymerization. The time course and 
rate of f(MLP-induced change in F-actin content are similar 
for adult and cord neutrophils. Both are maximal at =30 
seconds. However, greater variability of polymerization in 
neonate cells is reflected in the larger standard deviations for 
neonate than adult cells. 

Comparison of F-actin content of neonate and adult 
neutrophils exposed to fMLP for 60 seconds shows that the 
maximal F-actin content of fMLP-activated neutrophils 
from adults (52 + 18 [N = 27]), neonatal cord blood (58.7 + 
18 [N = 18]), and neonatal venipuncture ($1.5 + 7 [N = 
15]}) is similar. Since maximal extent of fMLP-induced actin 
polymerization is similar for adult and neonate neutrophils 
and since the basal F-actin content of neonate neutrophils is 
greater than that of adult cells, the fMLP-induced change in 
relative F-actin content is more heterogeneous but signifi- 
cantly less in neonatal neutrophils (adult 2.76 + 0.67, N = 
24: cord 1.71 + 0.59, N = 17 [P < 0.001]: neonate VP 1.28 + 
0.24, N = 14 [P < 0.001]; see Fig 3). 

Evidence for subpopulations of neonatal neutrophils. in 
addition to yielding the mean F-actin content for a popula- 
tion of neutrophils, flow cytometric analysis of NBDphalla- 
cidin-stained neutrophils generates a fluorescence histogram 
that depicts the distribution of F-actin content among con- 
stituent cells of a population. ™" In general, the values for 
F-actin content among 10,000 adult neutrophils are more 
homogeneously distributed than those from neonates. Values 
in neonatal neutrophils are broadly spread, and in most cases 
histograms reveal the presence of two populations of cells 
with respect to F-actin content. One population is adultlike, 
the other population has elevated F-actin content. The 
relative proportions of cells with adultlike F-actin content are 
variable from one neonate to another. Following fMLP- 
activation, the F-actin content among neonate and adult 
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Fig 2. Comparison of fMLP-induced actin polymerization in 
adult and neonatal neutrophils. Shown are F-actin content at 
indicated time after exposure of adult (@—~-@) and neonatal 
{O—©) neutrophils to 0.5 wmol/L fMLP. Values are mean + 1 SD 
from five trials. 
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Fig 3. Comparison of fMLP-induced increase in relative E- 
actin content in adult and neonatal neutrophils. Relative F-actin 
content is ratio of F-actin content at 60 seconds after G5. gmol/i L 
fMLP /basai F-actin content. Shown are mean relative f 
content + 1 SD from N number of samples of adult, neonatal öd 


neonatal venipuncture (VP) neutrophils. Each dot is one individu- 
al. 





neutrophils is similar, and both are described by more normal 
distributions. 

Comparisons of normalized histograms from larger num- 
bers of adult, neonate cord, and neonate venipuncture sam- 
ples confirm the presence of subpopulations of neonatal 
neutrophils. Figure 4 shows the comparison of normalized, 
log-scale fluorescence histograms of F-actin content in neu- 
trophiis from ten adults, 14 neonate cord, and 15 neonate 
venipuncture samples. Nonactivated neonatal neutrophils 
from cord or venipuncture samples contain two subpopula- 
tions of neutrophils. In contrast, adult neutrophils are repre- 
sented as a single, normal distribution of neutrophils with 
respect to F-actin content. On average, approximately 25% 
of neonate neutrophils have a basal F-actin content similar to 


50 


40 
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Fig 4. Distribution of basal F-actin content among adult and 
neonatal neutrophils: cumulative, normalized data. Histograms 
from ten adults (O---O)}, 14 neonatal cord (AA), and 15 neonatal 
venipuncture (@-~~@) samples were normalized as described in 
“Materials and Methods.” Shown are mean percentage « 1 SD af 
neutrophils with F-actin content at 0.5-cm intervals along the 
log-F-actin histogram. Values are statistically significantly dif- 
ferent from adult values at the indicated ({*) points. 
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that of adult neutrophils. The F-actin content of the remain- 
ing 75% of neonatal cells is significantly higher than that of 
adult cells. However, note that in individual patients the 
relative proportion of cells with elevated basal F-actin con- 
tent is highly variable (range 48% to 95%, mean 75%). 

Comparison of normalized histograms for F-actin content 
following fMLP activation shows that maximal F-actin 
content in adult and neonatal neutrophils is similar and more 
normally distributed at values slightly higher than those of 
basal adult cells and either of the subpopulations of neonatal 
neutrophils (Fig 5). Of interest during fMLP-induced actin 
polymerization, the histograms for both adult and neonate 
cells broaden within five seconds of fMLP addition. At no 
time do adult cells contain two distinct subpopulations, and 
subpopulations among neonatal cells are only apparent in 
nonactivated cells (data not shown). This result suggests, but 
does not prove, that the subgroups of neonate cells differ only 
in the extent of polymerization in the basal cell and do not 
differ in their kinetics of polymerization. 


DISCUSSION 


When compared to adult neutrophils, motility of neutro- 
phils from neonates is abnormal. The abnormalities include 
defects in basal locomotion,** chemokinesis,”*® chemotaxis,” 
orientational! response,” concanavalin A (Con A) cap- 
ping,'*!* and abnormally decreased elasticity® of neonatal 
cells. Anderson et al? showed that the microtubular cyto- 
skeleton of neonatal neutrophils is significantly different 
from that of adult neutrophils. In the presence of chemotac- 
tic factors, adult and neonatal neutrophils increase the 
number, length, and mass of microtubules.'° However, under 
similar conditions of activation, neonatal neutrophils contain 
fewer microtubules of shorter length than do adult neutro- 
phils. Anderson’? suggests that the differences in microtubu- 
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Fig 5. Comparison of fMLP-activated F-actin content among 
adult and neonatal neutrophils: cumulative, normalized data. His- 
tograms from ten adults (O---O), 14 neonatal cord (A——A), and 15 
neonatal venipuncture (@—-@®) samples exposed to 0.5 pmol/L 
fMLP for 60 seconds are shown and normalized as described in 
“Materiais and Methods.” Shown are mean percentage of +1 SD 
of neutrophils with F-actin content at 0.5-cm intervals along the 
log-F-actin histogram. No values are statistically significantly 
different. 
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lar organization may underlie the known defects in motility 
of neonatal neutrophils. However, organization of the micro- 
filamentous cytoskeleton in neonatal neutrophils has not 
been studied. This report quantitatively describes the organi- 
zation of microfilamentous cytoskeleton in neonatal neutro- 
phils. 

In these studies we compare the basal and [MLP-activated 
microfilameatous cytoskeletons of neonatal and adult neu- 
trophils as reflected by the filamentous actin (F-actin) 
content of cells. The mean F-actin content and the distribu- 
tion of F-actin content among neutrophils is determined by 
flow cytometric analysis of fixed, NBDphallacidin-stained 
neutrophils. *'* The techniques utilized are readily applica- 
ble to studying neonates because they require relatively small 
volumes of blood. The results show that (1) basal F-actin 
content of neonatal neutrophils is greater than that of adult 
neutrophils, (2) the rate of fMLP-induced actin polymeriza- 
tion and maximal extent of actin polymerization in neonatal 
and adult cells is similar, and (3) with respect to basal 
F-actin content, neonatal neutrophils are composed of two 
subpopulations of cells. The results suggest that abnormali- 
ties of microfilamentous cytoskeleton in combination with 
abnormality of microtubular cytoskeleton may underlie the 
defective motility of neonatal neutrophils. 

The basal F-actin content of neonatal neutrophils is signif- 
icantly greater than that of adult neutrophils. The elevation 
in basal F-actin content is observed in both cord neutrophils 
and neutrophils obtained by venipuncture of neonates aged | 
to 8 days. No obvious correlation with mode of delivery, 
caesarean v vaginal, was noted, and results were reproducible 
during six months of studies. The differences in basal F-actin 
content of neonatal and adult neutrophils do not reflect a 
difference in the ability of their actin to polymerize because 
the fMLP-induced rates of actin polymerization are similar. 
Finally, differences in basal F-actin content cannot be 
explained by different amounts of polymerizable actin in 
neonatal and adult cells because the maximum extent of 
actin polymerization is similar for cells from both sources. 

The major cytoskeletal consequence of the elevated basal 
F-actin in neonatal cells is that the magnitude of the chemo- 
tactic peptide-induced increase in F-actin content of neo- 
natal cells (1.28-fold + 0.24-fold) is significantly less than 
for adult neutrophils (2.76-fold + 0.67-fold), The major 
consequence of an elevated basal F-actin to motility ts less 
clear. Although F-actin content in fMLP-activated neutro- 
phils correlates with the rate of cellular locomotion under 
some conditions,'* direct correlation of alterations in F-actin 
content of neonatal cells with the reported defects in locomo- 
tion is, at present, impossible. Two points, however, are 
worthy of note. First, the decreased deformability of neo- 
natal neutrophils that is implied by motility studies in 
Boyden chambers of varied pore size’ and documented by 
elastimetry® may relate to the increased basal F-actin con- 
tent of neonatal neutrophils. Logically, the increased 
amounts of rigid F-actin polymers would produce increased 
viscosity of cytosol just as F-actin increases the viscosity of 
aqueous solutions. Secondly, the most consistent, reproduc- 


in chemotaxis and chemokinesis—are only apparent after 








F-ACTIN IN NEUTROPHILS 


the cell is exposed to chemotactic factors like fMLP. Since 
elevated basal F-actin limits the magnitude of fMLP- 
induced change in F-actin content, it is logical that the 
decreased range of cytoskeletal responsiveness to fMLP may 
translate into decreased chemotaxis and chemokinesis. 
Obviously proof of these hypotheses awaits detailed correla- 
tion of F-actin content and distribution with chemokinesis 
and chemotaxis of cells. 

The elevated basal F-actin content of neonatal neutrophils 
should not be misinterpreted as indicating that the actin in 
neonatal neutrophils differs in polymerizability from the 
actin of adult neutrophils. Historically the structure and 
physicochemical behavior of actin is highly conserved in 
species as disparate as unicellular amoeba and man, despite 
the occurrence of isotypic variants.'? Experimentally, as 
shown here, the gross kinetics of f{MLP-induced actin poly- 
merization in adult and neonatal cells is similar. A more 
tenable explanation for the elevated basal F-actin content of 
neonatal neutrophils is to assume that in our studies F-actin 
content simply reflects the state of neutrophil activation and 
that neonatal neutrophils are more sensitive to activation by 
undefined factors that are either released during our assays 
or present during parturition and for one to eight days 
postnatally. Some experimental data on oxidative metabo- 
lism of neutrophils suggest such may be the case.” Documen- 
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tation of this point will require further studies on F-actin 
content and oxidative metabolism of neonatal neutrophils. 

Finally, our studies define subpopulations of neonatal 
neutrophils with respect to basal F-actin content. Subpopula- 
tions of adult neutrophils, with respect to histochemical, 
receptor, and antigenic characteristics have been defined.” 
In fact, even among adult cells Wallace et al identified 
fMLP-activated neutrophils that differ in F-actin content 
and postulated that they are “slower to respond” with 
fMLP-induced actin polymerization.” Our data show that 
the subpopulations of neonatal neutrophils clearly are not a 
result of differences in the polymerizability of actin because 
following fMLP-stimulation, one homogeneous, normally 
distributed group of cells is observed. As suggested by 
Wallace et al” and discussed above, the differences in basa! 
F-actin content in subgroups of neonatal cells likely reflects a 
difference in the sensitivity of the cell to activation, and 
F-actin content simply is a reflection of that activation. The 
presence of such subpopulations of neonatal neutrophils with 
respect to cytoskeletal organization invites further investiga- 
tions of their importance to host defense. 
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CONCISE REPORT 


The Synthetic RGDS Peptide Inhibits the Binding of Fibrinogen Lacking Intact a 
Chain Carboxyterminal Sequences to Human Blood Platelets 


By Ellinor 1.B. Peerschke and Dennis K. Galanakis 


The a chain 572-574 Arg-Gly-Asp sequence of fibrinogen 
appears to play only a minor role in platelet aggregation 
based on the ability of fibrinogen preparations lacking a 
chain carboxyterminal segments to support platelet aggre- 
gation, but synthetic Arg-Gly-Asp-Ser (RGDS) peptides are 
capable of inhibiting platelet aggregation and fibrinogen 
binding. The present study thus examined the ability of 
RGDS peptides to inhibit platelet interactions with a plas- 
mic degradation product of fibrinogen (8D-50) that resem- 
bies an intermediate fragment X. Gel-filtered, human blood 
platelets suspended in 0.01 mol/L HEPES-buffered modi- 


IBRINOGEN a chains possess a carboxyterminal amino 

acid Arg-Gly-Asp (RGD) sequence that is also present 
on other adhesive glycoproteins including von Willebrand 
factor (VWF) and fibronectin, all of which appear to bind to 
the same platelet receptor, the glycoprotein lb/IHa com- 
plex," Moreover, the synthetic RGDS peptide has been 
shown to inhibit fibrinogen binding to platelets and platelet 
aggregation,’ Early studies suggested that the carboxytermi- 
nal region of the fibrinogen @ chain and/or a segment 
containing the aminoterminal of the B 8 chain were involved 
in platelet fibrinogen interactions since derivatives lacking 
such segments supported platelet aggregation less well than 
did more intact fibrinogen.* In apparent contradiction are 
observations of platelet aggregation supported by fibrinogen 
preparations with increasing carboxyterminal a chain degra- 
dation resulting in œ chains of molecular weights ranging 
from 68,000 to 22,600 as determined by sodium dodecyl 
sulfate (SDS)—polyacrylamide gel electrophoresis.” These 
studies suggested that platelet-fibrinogen interactions were 
not significantly altered by the loss of carboxyterminal a 
chain sequences.’ Thus, to further characterize the RGDS- 
induced inhibition of fibrinogen binding, the present study 
compared the effect of increasing concentrations of RGDS 
on platelet-fibrinogen interactions in the presence of either 
intact fibrinogen or an early plasmic degradation product 
(8D-50) that lacks the a chain 572-574 carboxyterminal 
RGD sequence. 
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fied Tyrode’s solution, pH 7.5, were stimulated with 20 
umol/L adanosine diphosphate and the binding of I- 
labeled 8D-50 or intact fibrinogen (0.01 to 0.6 mg/mL) 
assessed ir the presence of G to 117 umol/L RGDS. The 
data revealad that RGDS decreased the apparent affinity of 
8D-50 and ntact fibrinogen for platelets but did not affect 
the maximum number of binding sites. RGDS thus appears 
to be a competitive inhibitor not only of intact fibrinogen 
(Ki = 12 + 2 pmol/L) but also of 8D-50 (Ki = 15 + 3 umol/L) 
{mean + SD, n = 3}. 
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MATERIALS AND METHODS 


Platelet preparation. Blood was collected from healthy volun- 
teers after ottaining informed consent according to the guidelines of 
the Declarat on of Helsinki. It was anticoagulated with a 0.1 vol of 
3.2% sodium. citrate. Gel-filtered platelets (GFP) were prepared 
essentially as described.” They were suspended in 0.01 mol/L 
hydroxyethy piperazine-ethane sulfonic acid (HEPES)-buffered 
modified Tyrode’s solution, pH 7.5. 

Fibrinogen preparation and purification. Intact, band I fibrino- 
gen was isolated from fresh-frozen plasma as described.” An inter- 
mediate plasmic degradation product designated 8D-50 was pre- 
pared as described’ from a 50% clettable plasmic fibrinogen digest. 
Both fibrinogens were reduced with 2% -mercaptoethanol and 
electrophoresed on 7.0% SDS-polyacrylamide gels.* This disclosed 
the virtual a>sence of intact a chains in 8D-50 and a major a chain 
remnant termed a/11. This remnant was previously described to 
represent the aminoterminal third of the A-a chain and the major 
and longest tmolecular weight [MW], 25,000) A-e chain fragment 
in such preparations.” In addition, a major portion of the 8 chains 
had been degraded displaying the /8 fragment (MW, 54,700)? 
Factor XIHa cross-linked samples also displayed a band slightly 
cathodal to that of the y chain corresponding to /8, (MW, 51,100). 
The y chains of 8D-50 remained intact as assessed by analysis of 
factor XHIa cross-linked samples and by the presence of only trace 
amounts of more anodal non-@ chain bands. High-performance 
liquid chromatography analysis’® revealed that the A peptide con- 
tent of 8D-59 was identical to that of intact fibrinogen (2 residues / 
mol) and its B peptide content was 27% of that of intact fibrinogen, 
which is consistent with the presence of 6 chain fragments (see the 
preceding discussion). Both intact fibrinogen and 8D-50 were iodin- 
ated with iodine 125 using chloramine T* 

Fibrinoges binding. Fibrinogen binding studies were performed 
at room temperature using GFP stimulated with 20 umol/L. adeno- 
sine diphospiate (ADP) in the presence of increasing concentrations 
of §8D-50 or intact fibrinogen and 0 to 117 mol/L RGDS. Specific 
binding was quantified as previously described.” The data were 
analyzed by double reciprocal plots." 

Platelet cggregation. GFP were aggregated with 20 nmol/L 
ADP in the presence of increasing concentrations of intact fibrino- 
gen and 8D-50 (0.01 to 0.20 mg/mL).° Aggregation studies were 
performed ¿t 37°C in a dual-channel aggregometer (Chronolog 
Cerp, Havertown, PA) with baselines set at 10% light transmission 
using GFP and 90% light transmission using a buffer blank. 


RESULTS 


Figure | shows the SDS-polyacrylamide gel electrophore- 
sis profiles of reduced intact fibrinogen and 8D-50. Signifi- 
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RGDS INHIBITION OF 8D-50 BINDING 





Fig1. SDS polyacrylamide cylindrical gels (7.0%) depicting the 
migration of intact fibrinogen (1) and 8D-50 (2) following reduction 
with 2% mercaptoethanol. 


cant œ chain degradation is present in the latter with the 
appearance of a predominant 25,000-MW w chain remnant. 
Despite this œ chain degradation, the ability of 8D-50 to 
support ADP-induced platelet aggregation was only mini- 
mally reduced (Table 1). 

The synthetic RGDS peptide inhibited the interaction 
between ADP-treated platelets and both ' I-labeled intact 
fibrinogen and 8D-50 with a concentration resulting in 50% 
inhibition (ICs) of 12.5 pmol/L (Fig 2). To investigate 
further the mechanism of this inhibition, the effect of 
increasing doses (0 to 72 umol/L) of RGDS on fibrinogen 
and 8D-50 binding at various concentrations was quantified. 
Analysis of the data by double reciprocal plots of (free 
fibrinogen or 8D-50)~' v (bound fibrinogen of 8D-50)~' 
indicate that RGDS decreased the apparent affinity of both 
intact fibrinogen (Fig 3) and 8D-50 (Fig 4) for platelets (X 
intercept) but did not affect the maximum number of 
fibrinogen binding sites (Y intercept). Thus, RGDS appears 
to be a competitive inhibitor of both fibrinogen and 8D-50, 
even though the latter lacks the œ chain carboxyterminal 
572-574 RGD sequence. Inhibitor constants calculated from 
the binding data showed no significant difference between 
the ability of RGDS to compete with intact fibringen (Ki -= 


Table 1. ADP-induced Platelet Aggregation in the Presence of 











Intact Fibrinogen or 8D-50 
Fibrinogen/ Platelet Aggregation 
alive Rate* (%/min) Extent® (%) 
Concentration 
lug/mL) Fibinogen 8D-50 Fibrinogen 8D-50 
25 14+3 11+4 16 +5 12 + 7 
50 20 +6 18 +3 25 +9 20+8 
100 35 +6 30+8 40 + 12 30 + 11 
200 44+5 38 +6 60 + 15 46 + 12 





*Mean + SD, n = 3. 
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Fig 2. Inhibition of intact fibrinogen and 8D-50 binding (0.6 


mg/mL) to ADP-stimulated platelets in the presence of RGDS 
peptide. Platelets were preincubated (five minutes, 22 °C) with 
increasing concentrations of RGDS peptide or buffer and inhibition 
of fibrinogen or 8D-50 binding quantified. (X). intact fibrinogen; 
(@), 8D-50. Values represent the means + SD of five different 
experiments. 


12 + 2 mol/L) and 8D-50 (Ki = 15 + 3 wmol/L) (mean + 
SD, n = 3), P>.2. 


DISCUSSION 


The role of fibrinogen «æ chains in platelet aggregation is 
controversial. Although the loss of a chain carboxyterminal! 
amino acid sequences has only minor effects on platelet 
aggregation, the RGDS tetrapeptide that resembles the 
carboxyterminal amino acid sequence in position 572-575 of 
fibrinogen œ chains was recently shown to inhibit platelet 
aggregation and fibrinogen binding.’ Data from the present 
study suggest that RGDS competitively inhibits the interac- 


350 


âlâ) 


- f ra 


4 


8 
[1/BOUND FIBRINOGEN (ng/10 PLATELETS) ] x10 


250 





(o) 
—"i) 








‘10 0 10 20 30 40 50 


[1/FREE FIBRINOGEN (ngzmi) | « 10° 


Fig 3. Inhibition of “I-labeled intact fibrinogen binding to 
ADP-stimulated platelets by increasing concentrations of RGDS. 
(X). O pmol/L; (O), 7.2 umol/L: (D), 28.8 wmol/L: (A) 72.2 umol/L 
RGDS. Values represent results of a typical experiment. 
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Fig 4. Inhibition of I-labeled 8D-50 binding to ADP-stimu- 
lated platelets by increasing concentrations of RGDS. {X}, 0 


umol/L: (V), 1.44 umoi/L; (O) 7.2 umol/L; (I), 28.8 umol/L: (A), | 


72.2 pmol/L RGDS. Values represent results of a typical experi- 
ment. 


tion between platelets and a fibrinogen preparation (8D-50) 
that is missing the 572-574 a chain RGD sequence. The 
inhibitor constant calculated for this interaction was not 
statistically different from that calculated for RGDS- 
induced inhibition of intact fibrinogen binding to stimulated 
platelets. 

Although early studies suggested that the carboxytermi- 
nal region of the fibrinogen a chain was involved in platelet- 
fibrinogen interactions, which was based on observations 
that derivatives lacking such segments supported platelet 
aggregation as well as more intact fibrinogen,’ the extent to 
which the aggregating activity of fibrinogen was compro- 
mised remained controversial.” Present data, showing simi- 
lar platelet aggregation support by 8D-50 and intact fibrino- 
gen and RGDS-induced inhibition of 8D-50 binding, suggest 
that the 572-574 a chain RGD sequence may play only a 
minor role in platelet aggregation. 

The ability of RGDS to inhibit the binding of fibrinogen 
lacking intact a chain carboxytermini to ADP-treated plate- 
lets indicates that RGDS either blocks fibrinogen interac- 
tions with platelets via the @ chain RGD sequence at 
positions 95-97 or via y chain carboxyterminal regions. In 
the latter case, the competition between 8D-50 and RGDS 
for platelet receptors and the recent observation that fibrino- 
gen a and y chain bining domains may interact with different 
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regions on zhe platelet GPII[b/IIla complex’? suggest that 
these a and + chain binding regions may be in close proximi- 
ty. This conclusion is further supported by data indicating 
that synthetic y chain peptides inhibit vWF binding to 
stimulated platelets, although vWF does not possess a y 
chain-like mino acid sequence. 
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CONCISE REPORT 


Blast Cell Colony Assay for Umbilical Cord Blood 
and Adult Bone Marrow Progenitors 


By Anne G. Leary and Makio Ogawa 


We previously described candidate human blast cell colo- 
nies in culture of umbilical cord blood cells. However, their 
replating efficiencies were low, and we were unable to 
grow colonies from adult marrow cells. We report here a 
consistent method of growth and identification of human 
blast call colonies that are supported by low serum culture 
and by delayed addition of medium conditioned by a T 
lymphoblast cell line, CSMJ. Nonadherent mononuclear 
cord blood and bone marrow cells were prepared by use of 
Ficoll-Paque and overnight adherence to plastic. Bone 
marrow cells were further enriched for progenitors by 
panning with monoclonal anti-My-10 antibody. Cells were 
plated in methylcellulose culture containing 2% fetal calf 
serum and supplemented with bovine serum albumin, leci- 
thin, cholesterol, and transferrin. On day 14 of culture, 


MURINE BLAST CELL COLONY assay has proved 

to be a useful tool for studies of the differentiation and 
proliferation of primitive hemopoietic progenitors in culture. 
For example, micromanipulation of individual cells from 
blast cell colonies provided evidence supporting the stochas- 
tic model of commitment of multipotent progenitors to 
monopotent progenitors.’” Serial observation of the prolifer- 
ation of blast cell colonies in culture suggested that primitive 
stem cells are in G, and begin active proliferation randomly.’ 
Blast cell colonies also provided purified hemopoietic progen- 
itors that were useful for defining the direct actions of 
colony-stimulating factors (CSF). 

Earlier we described candidate human blast cell colonies 
in culture of umbilical cord blood mononuclear cells in the 
presence of medium conditioned by phytohemagglutinin- 
stimulated peripheral blood leukocytes. However, their inci- 
dence and replating efficiencies were low, which limited their 
usefulness. Furthermore, we were unable to find this type of 
colony in culture of adult human bone marrow cells. More 
recently, we observed that murine hemopoietic stem cells 
that are dormant in cell cycle survive in the absence of 
interleukin-3 (IL-3) and that they may be preferentially 
grown in culture in the presence of low concentrations of 
IL-3.’ We have applied this knowledge toward the develop- 
ment of a human blast cell colony assay. 

In this paper, we report a consistent method of growth anc 
identification of human blast cell colonies with high replating 
efficiencies that are supported by low serum culture and by 
delayed addition of medium conditioned by a human T 
lymphoblast cell line, CSMJ. 


MATERIALS AND METHODS 


Celi preparation. Umbilical cord blood and bone marrow sam- 
ples aspirated from healthy adult volunteers were placed in 16-mL 
Falcon tissue culture tubes containing 400 units of preservative-free 
heparin (Invenex Laboratories, Inc. Melrose Park, IL). The donors 
were advised of the risks of marrow aspiration and gave informed 
consent. These studies were approved by the Institutional Review 
Board for Human Research. Mononuclear cells were isolated by the 
use of Ficoll-Paque (Pharmacia Fine Chemicals, Piscataway, NJ) 
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concentrated C5MJ-conditioned medium was carefully 
added to each dish. Biast cell colonies consisting of 18 to 
100 cells were detected on days 21 to 28. Forty percent to 
75% of the blast cell colonies in individual samples yielded 
secondary colonies upon replating (positive colonies). The 
replating efficiency of the positive colonies ranged from 3% 
to 100%. The largest secondary colony contained 7,800 
cells. In addition to single-lineage colonies, multilineage 
colonies revealing two to five lineage combinations were 
seen. These results suggest that human primitive progent- 
tors are dormant in cell cycle and that they survive in the 
absence of colony-stimulating factors. Human blast cell 
colonies may provide a unique population of progenitors for 
studies of the early process of human hemopoiesis. 

© 1987 by Grune & Stratton, Inc. 


and the nonadherent fraction separated by overnight adherence to 
plastic. A portion of the samples was further enriched for colony- 
forming cells by positive indirect immune adherence using the 
commercial preparation of anti-My-10 monoclonal antibody,’ 
human progenitor cell antibody (Becton Dickinson, Mountain View, 
CA), and the “panning” technique of Engleman et al.’ Details of this 
procedure have been previously reported." 

Primary culture. Nonadherent mononuclear (NAMN) celis 
and panned My-10+ cells were cultured in 35-mm Lux suspension 
culture dishes (Miles Laboratories, Inc, Naperville, IHL) by a modifi- 
cation of the technique of iscove et al.'° One milliliter of culture 
consisted of | x 10° NAMN cord blood cells or 2 x 10° NAMN 
bone marrow cells or 2 x 10° My-10+ cord blood or bone marrow 
cells and a-medium (Flow Laboratories, Inc, Rockville. MD} with 
25 mmol/L HEPES buffer (Flow), 1.2% of 1,500-centipoise methyl- 
cellulose (Fisher Scientific Co, Norcross, GA), 2% fetal calf serum 
(FCS) (Flow), 1% crystallized and deionized bovine serum albumin 
(BSA) (Sigma Chemical Co, St Louis), 5 x 10°° mol/L mercapto- 
ethanol, 300 ug/mL fully iron-saturated human transferrin (98% 
pure, Sigma), 160 pg/mL soybean lecithin (Sigma), 96 ug/mL 
cholesterol (Sigma), and 10°’ mol/L sodium selenite (Sigma). 
Dishes were incubated at 37 °C in a humidified atmosphere of 5% 
CO, in air. On day 14 of clonal culture, 100 wh of concentrated 
CSMJ-conditioned media (CM) containing 25 mmol/L HEPES 
buffer was carefully layered over | mL of culture. 

CM. Media were conditioned by cells of the T lymphoblastoid 
cell line CSMJ that had been provided by Dr Jun Minowada,. 
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Fig 1. A typical blast cell colony consisting of refractile, round 
cells that occasionally reveal taillike structures. 


Roswell Park Memorial Institute, Buffalo, NY. The cells were 
originally obtained from patient M.J. with a diagnosis of mycosis 
fungoides. The human T cell leukemia virus type l-positive cells are 
the product of the fifth serial passage with cord blood cells. Cells 
were grown in a-medium containing 5% FCS and the media 
harvested from roller bottle culture after 1 week. Concentrated 
media (30x) were obtained by filtration through a 1,000,000- 
molecular weight membrane followed by concentration through a 
10,000—molecular weight membrane using a Pellicon Cassette sys- 
tem. Ten percent of a 1:10 or 1:20 dilution of 30x media was added 
to each culture. 

Replating experiments. On days 21 to 28 of incubation, blast 
cell colonies were individually lifted from the culture and suspended 
in 100 uL of a-medium. The samples were gently pipetted and then 
added to 0.9 mL of methylcellulose medium containing 30% FCS or 
a mixture of 15% FCS and 15% fresh human plasma,'™" 2 units of 
partially purified human urinary erythropoietin (Ep) with a specific 
activity of 370 U/mg protein (kindly provided by Dr Makota 
Kawakita, Kumamoto, Japan), 15% to 30% final concentration of 
C5MJ CM and 1% fraction V BSA (Sigma). Cultures were 
incubated at 37 °C and 5% CO, in air. When the colonies appeared 
to have matured (generally after 12 to 16 days of culture), the 
number of cells of small colonies consisting of <500 cells was 
estimated in situ, and the entire colony was lifted by use of an 
Eppendorf micropipette, and smears were prepared using a cytospin 
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(Shandon Southern Instruments, Sewickley, PA). Larger colonies of 
>500 cells were picked, made into single-cell suspension, and 
aliquoted into two half samples. Half of the sample was used for 
counting im a counting chamber and the other half prepared for 
cytological examination. Slides were stained with May-Griinwald- 
Giemsa (Gallard Schlesinger Chemical Manufacturing Corp, Carle 
Place, NY*" for differential counting. 


RESULTS 


Colony formation. Blast cell colonies consisting of 18 to 
100 cells were detected between days 21 and 28 after cell 
plating. A picture of a representative blast cell colony is 
shown in Fig |. Typically, these colonies are diffuse and 
consist of refractile, round cells often revealing taillike 
Structures These cells are also pleomorphic and continue to 
change their morphology during observation under an 
inverted microscope. When NAMN cord blood cells were 
plated in culture, there were macrophage clusters and colo- 
nies in addition to the blast cel! colonies. However, in 
cultures of NAMN marrow cells there was macrophage 
overgrowt1 that hindered the identification of blast cell 
colonies. When My-10+ bone marrow cells were cultured, 
only scattered individual macrophages constituted the back- 
ground, ard this allowed for easy identification of blast cell 
colonies. Some of the apparent blast cell colonies contained 
nonrefractile cells that were larger than the typical blasts. 
These typ2s of colonies eventually developed into macro- 
phage colcnies or revealed only a few macrophage clusters 
upon replating. When these colonies were excluded and only 
the typical blast cell colonies were replated in cultures 
containing CSMJ CM and Ep, a varying but high secondary 
colony formation was observed. A summary of the replating 
of the ind vidual blast cell colonies from three cord blood 
samples and three My-10+ bone marrow samples is pre- 
sented in Table |. The frequencies of the blast cell colonies 
that yielded secondary colonies (positive colonies) and their 
replating efficiencies were variable but high. These features 
are similar to those of murine blast cell colonies we reported 
previously.'* The secondary colonies varied in size, with a 
maximum of approximately 7,800 cells per colony. The 
analysis o` the types of secondary colonies seen in the 
replating of blast cell colonies derived from cultures of cord 
blood (sar ple 3 of Table 1) and bone marrow (sample 6 of 
Table |) is presented in Table 2. In addition to single-lineage 
neutrophil, macrophage, eosinophil, basophil, and erythro- 


Table 1. Summary of Replating of Blast Cell Colonies 








Source of Size of Blast No. Positive Colonies * Replating Efficiency (%) 
Sample Cells Cell Colonies per Colonies Identified of Positive Colonies 
1 CBt 25-75 11/28 8-100 
2 CB 16-100 7/11 3-85 
3 CB 14-35 10/23 11-90 
4 My-10+ BMt 25-40 8/18 8-41 
5 My-10+ BM 18-40 9/12 10-44 
6 My-10+ BM 22-33 9/13 10-58 





*Positive colonies indicate the blast cell colonies that yielded secondary colonies upon reolating. 


tNonadherent cord blood mononuclear cells. 
tMy-10+ fraction of nonadherent bone marrow mononuclear cells. 








HUMAN BLAST CELL COLONY ASSAY 


Table 2. Cytological Analysis of Secondary Colonies Seen in 
Repiating of Blast Cell Colonies From a Representative Cord 
Blood and a Bone Marrow Culture 


Lineage Expressed in the 


Secondary Colonies a ee 
n m b è E M Colonies {Celis/Colony) 
Cord biood (Sample 3) 
+ 1 50 
+ 15 40-600 
+ 2 150-200 
+ 1 1,000 
+ + 6 100-400 
+ -+ 2 250-300 
FS 4 1 1,600 
+ + 1 6,000 
+o + + 2 2,000-4,000 
+o + + 1 200 
+ 7 + 1 2,000 
Total 33 
Bone marrow (sample 6} 
ne 22 30-300 
+ 3 50-80 
+ 16 50-300 
+ 8 200~3,000 
+o $ 4 70-200 
+ + 1 800 
+ + 1 800 
+ + -+ 1 1,000 
+ + + 1 1,400 
Hook + + 1 4,000 
+ + + + 2 600-3,000 
+o + + + + 4 1,400 
Total 70 





The secondary colonies were derived from replating ail blast cell 
colonies seen in the culture of samples 3 and 6 {see Table 1). 

Abbreviations for lineages proposed at a UCLA symposium: n, neutro- 
phils; m, monocyte-macrophages; b, basophils: e, eosinophils: E, eryth- 
rocytes; M, megakaryocytes. '® 


cyte colonies, multilineage colonies of two- to five-lineage 
combinations were seen. 


DISCUSSION 


We previously reported that culture of marrow cells from. 


normal mice in the presence of low FCS combined with the 
delayed addition of IL-3 favors blast cell colony formation.’ 
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in the current report, we describe a similar cell culture 
technique that favors human blast cell colony formation from 
umbilical cord blood and adult bone marrow cells. Since 
human IL-3 was not yet available, we chose to use CM 
prepared from the human lymphoblast cell line CSMJ. Our 
observation that the addition of CM to low serum cultures 2 
weeks after cell plating supported blast cell colony formation 
suggests that human multipotent progenitors are also dor- 
mant in cell cycle and do not require CSFs until they begin 
active cell proliferation. Our data also suggest that the more 
mature progenitors that are in active cell cycle appear to 
require the presence of CSFs for their continued prolifera- 
tion and survival. According to a rough estimate, there was 
one blast cell colony-forming cell per 5 x 10% NAMN cord 
blood cells. There were approximately one to two blast cell 
colony-forming units per | x 10° My-10+ adult bone 
marrow cells. Since panning with anti-My-10 antibodies 
usually yields 1% of the original NAMN cells, the incidence 
of blast cell colony-forming cells in adult bone marrow cells 
was estimated to be one to two per 10° NAMN bone marrow 
cells. Blast cell colonies were detected only in cultures of 
My-10+ populations of adult human bone marrow cells but 
not NAMN marrow cells. This is a technical problem 
created by a high background macrophage colony growth 
from impure cell populations. 

Although the cells that form blast cell colonies are likely to 
be in Gy and begin active proliferation randomly, their exact 
relationship with human pluripotent stem cells has not been 
clarified. A consistent human blast cell colony assay is likely 
to contribute to our better understanding of the properties of 
human hemopotetic stem cells. Recently, many human CSFs 
have been purified and/or molecularly cloned. Furthermore, 
complex interactions among various types of growth factors 
including CSFs are being uncovered. Human blast cells will 
offer a unique purified population of hemopoietic progenitors 
for defining the direct roles of human CSFs. In addition, a 
consistent assay for the most primitive human progenitors to 
be identified in culture may be useful for elucidation of the 
pathophysiological mechanisms of certain hemopoietic disor- 
ders. 
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CONCISE REPORT 


Cell Surface Phenotyping of Megakaryoblasts 


By Tadashi Koike, Sadao Aoki, Souichi Maruyama, Miwako Narita, Toshie Ishizuka, Hirofumi Imanaka, Toyohiko Adachi, 
Hiroo Maeda, and Akira Shibata 


Surface phenotypic characterization of megakaryoblasts, 
identified by platelet peroxidase activity, was investigated 
in four patients who showed increased proliferation of 
megakaryoblasts: one patient with typical features of 
acute leukemia, one presenting with acute myelofibrosis, 
and two with Down's syndrome in whom blasts disap- 
peared spontaneously (transient abnormal myelopoiesis, 
TAM). MY10 and/or MY9 antigens were expressed on the 
surface of some megakaryoblasts, but MY7, and MY4, 
antigens specific to granulocytic or monocytic cells, were 


HE USE OF SPECIFIC monoclonal antibodies has 

provided important insights into leukocyte differentia- 

tion and cellular origin in leukemia.’ These antibodies were 

found to be very useful in investigating the stages of differen- 

tiation in leukemic blasts. However, little is known about the 

cell surface phenotypes of megakaryoblasts because of the 
rarity of megakaryoblastic leukemia. 

Platelet peroxidase (PPO), a specific enzymatic marker of 
megakaryocytic cell lineage, is detected in early megakaryo- 
cytes and appears earlier than platelet-specific glycoproteins 
(GP), such as the GP Hb/Ha complex or GP Ib, or storage 
proteins in platelets, such as von Willebrand factor anti- 
gens.” In this study, cell surface phenotypes were examined 
in patients with megakaryoblastic leukemia in whom the 
proportions of blast cells were more than 45% and PPO 
activity was detected in more than 65°% of the blasts. 


MATERIALS AND METHODS 


Patients. Clinical data on all patents are shown in Table l. 
Patient | was an infant without Down’s syndrome. Aspiration of 
bone marrow was easy, and the presence of myelofibrosis was 
unlikely. Patient 2 presented with acute myelofibrosis. Circulating 
blasts increased gradually. Patients 3 and 4 had Down's syndrome 
with a spontaneous disappearance of proliferating blasts. Regarding 
the aspiration and biopsy of bone marrow, all patients were advised 
of procedures and attendant risks, in accordance with institutional 
guidelines, and gave informed consent. 

Blood smears and cytochemical studies. Blood smears were 
stained with May-Griinwald-Giemsa. Cytochemical reactions for 
myeloperoxidase (MPO), Sudan black B, a-naphthy! acetate ester- 
ase, a-naphthyl butyrate esterase, acid phosphatase, and periodic 
acid~Schiff (PAS) were performed by conventional methods.* 

Electron microscopic studies. PPO was detected by the method 
of Anderson et al’ or Breton-Gorius et al’ with a slight modification 
as described elsewhere. More than 200 blasts were examined, and 
the blasts positive only in perinuclear space or endoplasmic reticu- 
lum were regarded as PPO-positive. Positive blasts in granules or 
Golgi cisternae were regarded as MPO-positive. 

Cell surface phenotyping. For the detection of surface antigens, 
samples were analyzed using a Spectrum IH (Ortho Diagnostics, 
Westwood MA). A population of blast cells was clearly distin- 
guished from the lymphocytes, monocytes, and granulocytes on the 
basis of light-scattering properties. Monoclonal antibodies used in 
this study were as follows: OKT3 (CD3), OKTI (CD2)}), OKT4 
(CD4), and OKT8 (CD8) purchased from Ortho Pharmaceutical 
Corp, Raritan, NJ, JS (CD10), B4 (CD19), BI (CD26), MY7 
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not. Some megakaryoblasts were positive for only anti- 
HLA-DR antibodies. It was speculated that, during the 
differentiation of the megakaryocytic lineage, MY9 antigen 
appears transiently on the surface of megakaryoblasts that 
have lost HLA-DR antigens and have gained the glycopro- 
tein lib/itla antigen. This study also demonstrated that the 
proliferating blasts in some patients with TAM were mainly 
megakaryoblasts and suggested that the target cells in 
TAM are CFU-GEMM. 

è 1987 by Gurne & Stratton, inc. 


(CDwi3), MY4 (CDwi4), MY9, and MYIO purchased from 
Coulter Immunology, Hialeah, FL; HLA-DR and LeuM®? pur- 
chased from Becton Dickinson, Mountain View, CA: and TP&0 
(IgGl), which detects GP Hb/ Hia antigen.®” and another mono- 
clonal anti-GPHb/Ha antibody, PLT-2, purchased from Cappel 
Laboratories, Cochranville, PA. The positivity for the monoclonal 
anti-GPHb/Ha antibodies was also examined by an indirect immu- 
noalkaline phosphatase technique’ or by the alkaline phosphatase 
anti-alkaline phosphatase (APAAP) method.” Fe binding of these 
antibodies to the stained cells was excluded by the absence of 
reactivity with monoclonal antibodies directed to unrelated antigens 
of the same immunoglobulin subclasses and by the findings that the 
saturation of Fe receptors by preincubation with normal rabbit 
serum had no effect on the APAAP staining results obtained using 
monoclonal antibodies to GP Hb/Hla. The results of indirect 
immunoalkaline phosphatase staining conjugated F(ab’), immuno- 
globulin were almost the same as those of APAAP staining. Termi- 
nal deoxynucleotidyl transferase (TdT) activity was detected by 
immunofluorescenece using a Bethesda kit (Bethesda Research 
Laboratories Rockville, MD). 


RESULTS 


k 


Light microscopic cytochemistry. Almost all of the 
patients’ blasts were negative for peroxidase, Sudan black B, 
and a-naphthyl butyrate staining but were positive for acid 
phosphatase. Blasts in patient 1 stained strongly for 
a-naphthyl acetate, whereas blasts in the other patients 
stained weakly for this enzyme. Some blasts from all patients 
were positive for PAS. 
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Table 1. Clinical and Cytological Findings of Four Patients 





Patients 
Markers 1 2 3 a 

Age 1 yr 15 yr <1 mo <1 mo 
WBC (10°) 4.7 118.0 172.0 
Biasts (%) 95 (BM) 67 88 46 
PPO (%) 86 82 68 80 
MPO 1 0 2 4 
PO |—) 13 18 30 16 
TP8O (%) 83 1 42 16 
PLT-2 NT 1 NT 14 
MY10 86 NT NT 71 
MY9 93 1 48 33 
MY7 3 0 4 3 
MY4 (LeuM3) 3 (4) 4 2 
HLA-DR 8 63 38 24 
J5 2 3 1 2 
TdT = — — — 





Percentages of cells positive for ultrastructural cytochemistry and 
immune markers refer to the percentage of blasts as assessed by their 
characteristic morphology and by size gating (see Materials and Meth- 
ods). 

Abbreviations: BM, bone marrow: PO{—), blasts negative for peroxi- 
dase activity, TP80 and PLT-2, antiplatelet GP llb/llla antibodies: NT, not 
tested. 


Electron microscopic cytochemistry. In all patients 
more than 65% of the blasts were positive for PPO in 
perinuclear space and endoplasmic reticulum (Table 1, Fig 
1). Less than 5% of the blasts were positive for peroxidase in 
granules and Golgi apparatus. 

Cell surface phenotyping. The immunologic markers of 
the blasts are shown in Table 1, Most of the blasts from 
patient | reacted to TP80 (Fig 2), whereas most of the blasts 
from patient 2 were negative for this antibody. The propor- 
tions of cells positive for TP80 were similar to those of 
PPO-positive cells in patients | and 3, whereas in patients 2 
and 4, the proportions of TP&80-positive cells were rather low 
compared with those of PPO-positive blasts. In all patients, 
the blasts were negative for lymphoid markers such as B2, 
B4, OKT3, OKT11, OKT4, OKTS, J5, and TdT. In contrast, 
a considerable proportion of the blasts were positive for 
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MY I0anc MY9 in patients 1, 3, and 4, but their blasts were 
rarely positive for MY7 and MY4. In patient 2, the blasts 
were negative for MY9 and TP80 but positive for HLA-DR, 
whereas ir patient |, they were positive for both MY9 and 
TP80 but negative for HLA-DR. 


DISCUSSION 


We encountered four patients in whom the proliferating 
blasts were recognized as megakaryoblasts, although the 
patients’ c inical features varied. For identification of mega- 
karyoblasts, detection of PPO activity is necessary when the 
proportion of blasts positive for antiplatelet antibodies is 
small beccuse PPO activity appears earlier than platelet- 
specific glycoproteins such as GP Ib/Illa antigens during 
the process of megakaryocyte maturation.** In this study, we 
examined whether other markers, especially myeloid mark- 
ers, are ex dressed on megakaryoblasts with PPO activity. A 
consideratle proportion of blasts was positive for MY10 
and/or MY9 in patients 1, 3, and 4, whose blasts were rarely 
positive fo- MY7 or MY4. It is noteworthy that most of the 
blasts in patient | were positive for MY10 and MY9 in 
addition tc high proportions of cells positive for anti-GPIIb/ 
Ila and P?O activity. MY 10 antigen is a cell surface protein 
with an apparent molecular weight of 115 kilodaltons and 
was produced after immunization with KG-la human leuke- 
mia cells." Cell sorting and panning experiments demon- 
strated that CFU-GM and BFU-E were MY 10-positive. The 
MY9 monoclonal antibody was produced by Griffin et al” 
following i nmunization with the cells of a patient in the blast 
crisis of chronic granulocytic leukemia. MY9 antigen is 
expressed on CFU-GM, myeloblasts, promyelocytes, myelo- 
cytes, and monocytes. Approximately 50% of BFU-E and 
some of CFU-GEMM are also MY9-positive, although more 
mature erythrocytic cells are negative for this antigen.'*"" 
The presert results suggest that megakaryoblasts, which are 
megakaryocyte precursors, express MY10 and MY9, 
although mature megakaryocytes and platelets are negative 
for these antibodies. The blasts of our patients were rarely 
positive for MY7 and MY4, which are markers of more 
myeloid development. MY7 antigen is specific to granulo- 
cytic and monocytic cells.'* MY4 antigen is expressed 
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Fig 1. Electron micrographs 
of megakaryoblasts from the 
blood of patients 2 (left) and 4 
(right). Reaction products for 
platelet peroxidase are present 
in the nuclear envelope and 
endoplasmic reticulum in mega- 
karyoblasts. Unstained sections; 
original magnifications «6000 
(A) and x 5000 (B). 


CELL SURFACE PHENOTYPES OF MEGAKARYOBLASTS 








Fig 2. A marrow smear from patient 1 showing replacement 
of marrow by leukemic blasts (May-Griinwald-Giemsa stain). Most 
of the blasts have prominent cytoplasmic blebs. (B) A marrow 
smear from patient 1 showing positive reddish granular staining of 
GPllb/Illa antigen on the surface of all the blasts (APAAP stain 
using TP80 and fast red TR salt as the color reagent). (C) A blood 
smear from patient 3 showing reaction for TP80 (APAAP stain). 
Most of the blasts are strongly positive. (D) Blasts from patient 3 
(May-Griinwald-Giemsa stain). Two blasts have a smooth margin 
without blebs, and one has protrusions. 


strongly on monocytic cells and weakly on granulocytic 
cells." 

There was heterogeneity of surface marker expression 
(GP IIb/IIla, MY10/MY9, and HLA-DR) among patients. 
This heterogeneity may be related to the level of maturation. 
Figure 3 illustrates the possible order of appearance of 
markers in the maturation of the megakaryocytic cell lineage 
based on the present data. PPO activity was detected in 
immature megakaryoblasts that retain HLA-DR antigens 
and do not express MY9 antigen. MY9 antigen may appear 
on megakaryoblasts that have lost HLA-DR antigens and 
have expressed GPIIb/IIla antigens. 

The proposed model is based on the data from leukemic 
megakaryocytic precursors. Therefore, the relationship 
between the level of megakaryocytic maturation and surface 
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Fig 3. The possible order of appearance of markers in the 
maturation of megakaryoblasts. 


marker expression should be confirmed in megakaryocyte 
colony-forming assays using normal bone marrow cells 
treated with monoclonal antibodies and complements. 

A self-limited blastic proliferation, indistinguishable from 
acute leukemia except for its disappearance without therapy, 
has been noted in infants with Down's syndrome." This 
phenomenon is designated as transient abnormal myclopoie- 
sis (TAM).'® In addition to previous reports that proliferat- 
ing blasts in TAM were usually myelobasts, the results found 
in patients 3 and 4, ie, mainly the megakaryocytic nature of 
proliferating blasts, suggest that the target cells in TAM are 
CFUL-GEMM. 
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CONCISE REPORT 


Molecular Analysis of Interferon-Induced Suppression of Philadelphia 
Chromosome in Patients With Chronic Myeloid Leukemia 


By G. Yoffe, M. Blick, H. Kantarjian, G. Spitzer, J. Gutterman, and M. Talpaz 


Treatment with recombinant human interferon alpha-A 
(Roferon-A) is associated with stable suppression of the 
population of cells that display the Philadelphia (Ph') chro- 
mosome in some patients with chronic myelogenous leuke- 
mia (CML) as defined by cytogenetic analysis. Southern 
blot analyses employing a 3’ breakpoint cluster region (ber) 
probe (Pr-1) were performed to confirm a complete sup- 
pression of the Ph'* chromosome-—positive clone of cells at 
the DNA levei. The complete disappearance of rearranged 


HE ANTIPROLIFERATIVE activity of human alpha 
interferon has been demonstrated in a number of 
human tumors in vivo’ as well as in normal myeloid and 
myeloid leukemic progenitor cells in vitro. Recombinant 
human interferon alpha-A (Roferon-A) has recently been 
shown to induce hematologic remission in most of the 
patients with chronic myelogenous leukemia (CML) in the 
early benign phase. Therapy with Roferon-A resulted in 
durable Philadelphia (Ph') chromosome suppression (cyto- 
conversion) in some of these patients. Other studies have also 
demonstrated a complete, albeit transient, suppression of the 
Ph'* clone of cells following intensive chemotherapy.” 
Because more than 90% of the cases of CML display the 
Ph! chromosome, which is the result of a 9:22 translocation, 
this constitutes a hallmark of the disease.° The c-ab/ onco- 
gene, located on chromosome 9, and the breakpoint cluster 
region (ber) gene, located on chromosome 22, are juxtaposed 
in the Ph't CML,’* thus producing a ber/abi chimeric 
mRNA transcript”? and a chimeric fusion protein.''!? Upon 
the introduction of molecular probes capable of identifying 
this alteration, >"? molecular analysis along with cytogenetic 
analysis’ can be used for monitoring therapies with interfer- 
on, intensive chemotherapy, and other treatment modalities 
throughout the course of the disease in patients with CML. 
In this study, suppression of the Ph’ chromosome clone of 
cells in two patients with Ph'* CML following treatment 
with Roferon-A was accompanied by the loss of an aberrant 
restriction fragment of the ber gene, which was characteristic 
of the disease prior to Roferon-A therapy. This provides 
evidence at the DNA level for suppression of the Ph'* clone 
of cells in two patients with CML treated with Roferon-A. 


MATERIALS AND METHODS 


Case Reports 


Patient 1. The diagnosis of Ph'* CML was made in this 
65-year-old Latin American female in September 1984. She 
remained untreated until December 1984 when daily intramuscular 
injections of 5 x 10° U/m?* of Roferon-A were started. Complete 
hematologic remission was observed after 8 weeks of treatment, 
which was manifested by a decrease in the WBC count from 116 x 
10°/uL to 3.4 x 10°/uL and a return of an enlarged spleen to norma! 
size. One hundred percent of the cells in the blood and bone marrow 
were initially Ph'*. A bone marrow cytogenetic study following 3 
months of therapy demonstrated a decrease of the Ph'* celis to 30%. 
A repeat bone marrow study following 6 months of treatment 


Bioad. Vol 69. No 3 (March), 1987: pp 961-963 


restriction fragments of the bcr gene, which were a 
characteristic of the disease prior to Roferon-A therapy. 
was accompanied by the restoration of normal bone mar- 
row and achievement of durable ongoing complete remis- 
sion for 9 and 6 months, respectively, in two patients with 
Philadelphia-positive (Ph'*) CML. Molecular analysis is a 
valuable probe for monitoring the clinical course of disease 
in patients with Ph’* CML. 
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demonstrated complete suppression of the Ph'* clone of cells, a 
finding that persisted in two additional studies at 9 and 12 months 
following the initiation of therapy. Thus the Ph’ cells remained 
continuously suppressed for 9 months. 

Patient 2. The diagnosis of Ph? CML was made in this 
32-year-old white female in June 1984. She was treated initially with 
hydroxyurea for 2 months, and in October 1984, daily intramuscular 
injections of 5 x 10° U/ nv of Roferon-A were started. Prior to 
treatment with Roferon-A, the patient's peripheral WBC was 
18.8 x 10°/uL, and her platelet count was 566 x 10°/uL. The bone 
marrow cellularity was 100%, and 100% of the cells were Ph'*. The 
hematologic parameters of her disease improved gradually, and 
hematologic remission was achieved 7 weeks after the Roferon-A 
therapy was started. At that time, her WBC decreased to 3.4 x 
10°/uL, and her platelets decreased to 125 x 10°/uL. Subsequently, 
after 14 weeks of therapy. the treatment dose of Roferon-A was 
reduced to 2.5 x 10° U/m* when the bone marrow cellularity 
decreased to 40% and cytogenetic analysis demonstrated a decrease 
of the Ph’* cells to 70%. The Ph'* clone of cells decreased further to 
30% at 6 months and to 10% at 9 months of therapy. Complete 
suppression of the Ph'* clone of cells occurred after 12 months of 
therapy and has been sustained after 15 and 18 months after therapy 
was started. 


DNA Isolation and Southern Blotting 


Blood and bone marrow samples were obtained from patients after 
they had been fully advised of the procedure and attendant risks in 
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accordance with institutional guidelines and had given informed 
consent. High—molecular weight DNA was extracted from periph- 
eral blood leukocytes and bone marrow cells by methods described 
elsewhere.'* The digested DNA was electrophoresed in a 0.8% 
agarose gel in a buffer containing 0.4 mol/L Tris, 20 mmol/L 
EDTA, and 100 mmol/L Na acetate, denatured, neutralized, and 
transferred to nitrocellulose filters by the Southern blot method." 
Prehybridization and hybridization were carried out as described 
previously. A ber probe (Pr-1) purchased from Oncogene Sciences 
(Mineola, NY) and corresponding to the breakpoint cluster region 
on chromosome 22° was labeled to a specific activity of | to 3 x 10° 
cpm/ag of DNA by nick translation. Following hybridization, the 
filters were washed under stringent conditions, air-dried, and 
exposed to x-ray film for one to five days at — 70 °C. 


RESULTS 


High-molecular weight DNA was obtained from the 
peripheral blood of both patients before treatment with 
Roferon-A and from the peripheral blood of a normal donor. 
The DNAs were digested by BamHI and Beg/Il restriction 
endonucleases and analyzed by Southern blot using a 3° ber 
probe (Pr-1). Analysis of the DNA from patient | demon- 
strated abnormal |11-kb BamHI and 9-kb Bg/Il hybridizing 
fragments in addition to the normal 3.3-kb BamHI and 5-kb 
Bgill ber fragments (Fig 1, panel 1). Similarly, patient 2 
disclosed abnormal 7.6-kb BamHI and 9-kb Bg/11 hybridiz- 
ing fragments in addition to the normal ber restriction 
fragments (Fig 1, panel 2). Repeat analysis of the DNA from 
both patients’ peripheral blood was carried out on samples 
obtained 12 months after Roferon-A therapy was started. 
This analysis disclosed that the rearranged hybridizing frag- 
ments were not detected by Southern blot using the same ber 
probe (Fig 2, panel 2). Twelve months after Roferon-A 
therapy was started, bone marrow DNA was also obtained 
from patient |, and a similar Southern blot analysis disclosed 
no ber rearrangement (Fig 2, panel |). To determine the 
sensitivity of our Southern blot assay, a mixing experiment 
was performed (Fig 3). Using DNA from a normal donor 
and DNA from a CML patient with an additional abnormal 
3-kb Bg/I1 restriction fragment, we found that as little as 5% 





Fig1. Southern blot analysis demonstrating the normal 3.3-kb 
BamHI (lane 3a) and 5-kb Bg/ll (lane 3b) hybridizing fragments in 
DNA obtained from a normal volunteer and both the normal and 
rearranged hybridizing fragments in DNA obtained from the leu- 
kemic cells of patient 1 (panel 1) and patient 2 (panel 2). 
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Fig2. Southern blot analysis demonstrating the normal 3.3-kb 
BamH1 (lane a) and 5.0-kb Bgl (lane b) and the loss of the 
rearranged ber fragments in the cells obtained from the bone 
marrow of patient 1 (panel 1) and peripheral blood of patient 2 
(panel 2) after both patients had received 12 months of Roferon-A 
therapy. 


contamination of DNA from the Ph'* cells was clearly 
detectable as a faint band after a long exposure (120 hours). 
Therefore, in this assay, the level of detection was approxi- 
mately 5% by Southern blot analysis. 


DISCUSSION 


We have demonstrated the disappearance of the Ph’ 
clone of celb in two patients with CML following treatment 
with Roferon-A. In addition to cytoconversion of the Ph' 
chromosom:? in all analyzed metaphases, a rearranged ber 
DNA fragment characteristic of the patients’ disease prior to 
Roferon-A -herapy completely disappeared at a time coinci- 
dental with hematologic remission. 

Previous studies have demonstrated the restoration of 
nonclonal hematopoiesis in patients with CML following 
intensive chemotherapy. Similarly, we have reported par- 
tial and complete suppression of the Ph'* clone after alpha 
interferon taerapy.*" In this study, we confirm that the clone 





Fig 3. Southern blot analysis of a mixing experiment demon- 
Strating the sensitivity of our assay. DNA (10 ug) from a normal 
volunteer was analyzed using the 8g/ll restriction endonuclease 
and the ber probe (lane 1). DNA (10 ug) from a patient with CML 
was analyzed in a similar fashion ‘lane 9) and then serially diluted 
so that 50% of the DNA in lane 8 is from the patient with CML, 25% 
in lane 7, 10% in lane 6, 5% in lane 5, 2.5% in lane 4, 1% in lane 3, 
and 0.5% in lane 2. 








MOLECULAR SUPPRESSION OF THE PH' CHROMOSOME 


of cells bearing a DNA rearrangement associated with the 
formation of the Ph? chromosome’ in CML disappeared 
from the patients’ blood and bone marrow. We have further 
demonstrated that as little as 5% Ph'* cells in any given 
sample can be detected by using Southern blot analysis. The 
possibility exists that the Ph'* clone was still present in less 
than 5% of the bone marrow cells. 

Although the Ph? chromosome and rearranged ber gene 
are associated with more than 90% of the cases of CML,*"” it 
is still unknown whether suppression of the clone bearing the 
rearranged gene and the Ph' chromosome restores the bone 
marrəw to a normal polyclonal pattern. In this instance, a 
second clonal marker such as the glucose-6-phosphate dehy- 
drogenase isoenzyme pattern” or the restriction fragment 
length polymorphism of the hypoxanthine-guanine phospho- 
ribosyl-transferase gene’! may help determine whether the 
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cells that remain when patients are in remission represent the 
same abnormal clone and simply lack the Ph’ chromosome 
and the dcr rearrangement. However, since the clinical and 
hematologic features of CML disappeared completely in 
these two patients, it is unlikely that the hematopoietic cells 
of these patients in remission still consist of a monoclonal 
population. 

Demonstration of the suppression of the Ph’* clone by 
cytogenetic analysis may reflect only the events in a specific 
cell population that happens to enter mitosis. Molecular 
analysis, however, circumvents this problem and provides 
information on the total cell population (dividing and nondiv- 
iding cells as well). Therefore, the demonstration of complete 
suppression of an existing gene rearrangement supports the 
notion that these patients with CML were in complete 
remission at the molecular level. 
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Differences in Coagulant and Fibrinolytic Activities of Cultured Human 
Endothelial Cells Derived From Omental Tissue Microvessels and 
Umbilical Veins 


By Wolfgang Speiser, Elisabeth Anders, Klaus T. Preissner, Oswald Wagner, and Gert Mulier-Berghaus 


Large vessel and microvascular endothelial ceils were 
compared in their capacity to synthesize and secrete 
coagulant and fibrinolytic factors. Human omental tissue 
microvascular endothelial cells (HOTMEC) and human 
umbilical vein endothelial cells (HUVEC) were isolated, 
grown to confluency under identical conditions, and stud- 
ied in primary cultures. After an incubation period of 12 
hours in serum-free medium, the conditioned medium of 
confluent HOTMEC contained 100-fold higher levels of 
tissue plasminogen activator (tPA) antigen than that of 
HUVEC. The conditioned media as well as the lysates of 
both cell types did not contain any free tPA activity, but the 
free plasminogen activator inhibitor capacity was found 


NDOTHELIAL CELLS are involved in the regulation 
of coagulation and fibrinolysis. These cells are known 
to synthesize and release components of the coagulation 
system such as tissue factor,’ von Willebrand factor (vWF),’ 
and factor V? as well as components of the fibrinolytic system 
such as tissue plasminogen activator (tPA) and plasminogen 
activator inhibitor (PAI).* Quiescent, nonstimulated endo- 
thelial cells release an excess of fast-acting PAI over tPA, 
and therefore tPA antigen but almost no free tPA activity is 
found in the blood** as well as in endothelial cell-conditioned 
medium.” 

The expression of thrombomodulin on the endothelial cell 
surface facilitates the activation of protein C by thrombin, 
which binds to thrombomodulin, thereby loosing its fibrin- 
generating potency. Activated protein C degrades activated 
factor V and factor VIIL-C.’ Furthermore, activated protein 
C may enhance fibrinolysis by limiting PAI activity. 

In the present study some significant coagulant and fibri- 
nolytic activities of human umbilical vein endothelial cells 
(HUVEC) were compared with those of human omental 
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intracellularly as well as extracellularly. Although von 
Willebrand factor was detected in both cell types by 
immunofluorescence, measurable amounts were only 
found in HUVEC using an enzyme-linked immunosorbent 
assay. The kinetics of protein C activation by thrombin on 
the surface of once-passaged cells were identical for 
HOTMEC and HUVEC. The present study indicates that 
cultivated HOTMEC produce larger quantities of tPA than 
HUVEC do, possess smaller amounts of von Willebrand 
factor than HUVEC do, and express thrombomodulin for 
protein C activation as effectively as HUVEC. 
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tissue microvascular endothelial cells (HOTMEC) by using 
immunologic as well as functional assay systems. It was 
found that HOTMEC generate larger amounts of tPA and 
PAI than HUVEC, whereas HUVEC possess more vWF. 
Protein C seems to be equally well activated by thrombin on 
the surface of HOTMEC as on that of HUVEC. 


MATERIALS AND METHODS 


Cultivation of endothelial cells. HOTMEC were isolated as 
described previously.” ® Briefly, 10 to 15 g human omental tissue was 
obtained from patients undergoing cholecystectomy. All patients 
were advised of procedures and attendant risks by the surgeon, in 
accordance with the institutional guidelines, and gave informed 
consent. The tissue was dissected into small pieces and incubated in 
phosphate-buffered saline (PBS) containing 2 mg/mL collagenase 
(GIBCO, Karlsruhe, FRG) for 15 minutes at 37°C. After the 
removal of undissociated tissue fragments by a nylon screen (diame- 
ter [È], 400 um), capillary fragments were separated from contami- 
nating cells by a further filtration step (nylon screen; Ø, 30um) and 
then by velocity sedimentation at unit gravity (PBS containing 5% 
bovine serum albumin [wt/vol]). HUVEC were isolated according 
to Jaffe et al. The cells obtained by these procedures were 
identified as endothelial cells by their typical cobblestonelike growth 
pattern, by positive immunofluorescence staining for vWF and by 
immunoreactivity with a monoclonal antibody directed against 
endothelial cells.'° Both cell types were seeded on Petri dishes (35 x 
10 mm; Becton Dickinson, Heidelberg, FRG) precoated with fibron- 
ectin (Behringwerke, Marburg, FRG) and grown to confluency in 
Waymouth’s MB 752/1] culture medium supplemented with 20% 
(vol/vol) fetal calf serum, 100 U/mL penicillin, 100 ug/mL strepto- 
mycin, 2 mmol/L glutamine (all culture medium reagents were from 
GIBCO), and 100 ug/ml endothelial cell growth supplement 
(Sigma Chemical Co, Munich). 

Incubation of endothelial cells in serum-free medium. Four to 
six days after seeding, two dishes with confluent monolayers of 
endothelial cells derived from a single umbilical cord or from 
omental tissue of a single donor were incubated in serum-free 
medium (SFM) containing 1% (wt/vol) human serum albumin 
(Sigma) and 2 mmol/L p(+ )-glucose (Merck, Darmstadt, FRG). 
Aliquots of the supernatants were taken at six and 12 hours, 
centrifuged at 180 g, and stored at — 30°C up to 8 weeks until 
assessment. At the end of the 12-hour incubation, the cells were 
washed with SFM and detached from the dishes by incubation with 
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FIBRINOLYTIC ACTIVITIES OF HUVEC AND HOTMEC 


I mL 150 mmol/L NaCl, 0.05% (wt/vol) trypsin, and 1 mmol/L 
EDTA for two minutes at 37 °C. Thereafter, trypsin was inhibited 
by adding | mL SFM containing 6 mg/mL soya bean trypsin 
inhitxtor (GIBCO). For the assessment of tPA antigen. PAI capac- 
ity, and vWF antigen in the ceils, an aliquot was removed for 
determination of the cell count, and the remaining suspension was 
centrifuged at 180 g for five minutes (the supernatants contained 
5.2% + 2.1% [mean + SD. n = 8)] of the amount of tPA antigen 
(HOTMEC) and 30.1% + 9.2% of the amount of vWF [HUVEC] 
measured in cell lysates}. The cells were then resuspended in | mL 
0.1 mol/L Tris-HCI, 0.1% (wt/vol) Tween 80, 0.01% (wt/vol) 
sodium azide, pH 7.42, and sonicated by a cell disruptor (Branson, 
Soest, The Netherlands) for one minute at 4 °C. After centrifuga- 
tion at 180 g for five minutes, the supernatants were stored at 
— 30 °C up to 8 weeks until assessment. 

tPA and PAIL tPA antigen was measured by an enzyme-linked 
immunosorbent assay (ELISA) as described earlier.” Reverse fibrin 
autography and determination of PAJ activity were performed as 
described elsewhere.® 

vWF. vWF antigen was measured by an ELISA (Boehringer 
Mannheim, Mannheim, FRG). One unit of vWF was defined as the 
amount of antigen contained in 1 mL. of pool plasma. Immunofiuor- 
escence was performed as described elsewhere.” 

Activation of protein C on the endothelial cell surface. Con- 
fluent monolayers of pooled and once-passaged cells isolated from 
several umbilical cords or from omental tissue of several donors were 
used for the experiments, which were performed as described 
elsewhere.'° 


RESULTS 


tPA and PAI. Determinations were performed on indi- 
vidual primary cultures of endothelial cells isolated from 
omental tissue (HOTMEC) of eight donors and from eight 
different umbilical cords (HUVEC). In the course of 12- 
hour incubation in SFM, tPA antigen levels increased in the 
endothelial cell-conditioned medium (ECCM) of HOT- 
MEC as well as in that of HUVEC (Fig 1). tPA levels in 
ECCM of HOTMEC (45.1 + 11.9 ng/10° cells: mean + SD; 


HUVEC (0.41 + 0.15 ng/10° cells) at the end of the 
incubation period. When the total amount of tPA antigen 
(ECCM plus cell lysates) measured in HOTMEC (62.5 
ng/10° cells) was compared with that of HUVEC (0.66 
ng/10° cells), a 100-fold excess of HOTMEC over HUVEC 
was calculated. Free tPA activity was not detectable in 
ECCM and cell lysates of HOTMEC or of HUVEC, but the 
free PAI capacity (PAl-cap) was found to increase in the 
course of incubation (Fig 2). After an incubation time of 12 
hours, the PAI-cap amounted to 91.5 + 11.0 U/10° cells in 
the lysates and 56.1 + 9.8 U/10° cells in ECCM of HOT- 
MEC and to 15.9 + 7.9 U/10* cells in the lysates and 21.4 + 
17.1 U/10° cells in ECCM of HUVEC. The molecular 
weights (mol wt) determined by reverse fibrin autography of 
PAI in ECCM of HUVEC and HOTMEC were identical 
and amounted to 49,000 and those of PAI in cell lysates 
52,000 (Fig 3). In cell lysates, a second band with a mol wt of 
31,000 was identified. 

vyWF. Although vWF was demonstrated in both cell 
types by immunofluorescence (data not shown), vWF could 
be measured quantitatively only in HUVEC (Fig 4). In 
ECCM of HUVEC, vWF amounted to 29.2 + 12.3 x 10° 
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Fig 1. tPA antigen levels (mean + SD, n » B} in serum-free 
conditioned medium of HOTMEC {0} and HUVEC {O} after six and 
12 hours of incubation. Intracellular levels of tPA antigen (mean t 
SD, n = 8) of the same HOTMEC {W} and HUVEC (@) at the end of 
the 12-hour incubation time are given. 


U/10° cells (mean + SD; n = 8) after six hours and 42.8 2 
23.4 x 10°? U/10* cells after 12 hours’ incubation. A total of 
30.4 + 11.7 x 10°? U/10* cells were measured within the 
cells after a 12-hour incubation. 

Activation of protein C. The activation of protein C by 
thrombin on the cell surfaces revealed identical profiles in 
both cell types (Fig 5). 


DISCUSSION 


The concentrations and activities of relevant coagulant 
and fibrinolytic factors synthesized by HOTMEC and 
HUVEC were compared. Although the cells were grown 
under identical conditions, marked differences in the content 
and the release of these factors from the cells into the culture 
medium were observed. 

HOTMEC contained and released markedly more tPA 
than HUVEC. tPA was found within the cells as well as in 
ECCM in both cell types in an inactive form, which suggests 
that tPA was completely complexed to PAI under the 
conditions of this study. On the other hand, it is known that 
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Fig 2. PAl-cap (mean + SD, n ~ 8) of serum-free conditioned 
medium of HOTMEC {D} and HUVEC (C) after six and 12 hours of 
incubation. intracellular PAl-cap (mean + SD, n = 8} of the same 
HOTMEC (W) and HUVEC (@) at the end of the 12-hour incubation 
time are given. 
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Fig 3. Reverse-phase fibrin autography of cell lysates and 
ECCM of HOTMEC and HUVEC after incubation of the cells in SFM 
for 12 hours. Lane 1, ECCM of HUVEC; lane 2, cell lysate of HUVEC; 
lane 3, ECCM of HOTMEC: lane 4, cell lysate of HOTMEC. 


endothelial cells can release an excess of tPA over PAI when 
they are stimulated, eg, in physical exercise or venous 
occlusion.'* The higher amounts of tPA found in HOTMEC 
may therefore be regarded as a strong potential fibrinolytic 
capacity. 

Active PAI were detected in ECCM and lysates of both 
cell types by a functional assay as well as by reverse fibrin 
autography. The high-mol wt PAI in ECCM showed a mol 
wt approximately 3,000 smaller by sodium dodecyl sulfate 
polyacrylamide electrophoresis than that in cell lysates, thus 
confirming the observation of Kooistra et al”? that PAI is 
degraded to a lower mol wt form after secretion into ECCM. 
The fact that PAI activity was found also at a mol wt of 
31,000 in cell lysates might be due to partial degradation of 
the 52,000—mol wt molecule during preparation of cell 
lysates followed by a shift in mol wt as described recently by 
Levin.” 

vWF was detected in HOTMEC as well as in HUVEC. 
Obviously, the concentration of vWF is very low in HOT- 
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Fig 4. vWF levels (mean + SD, n = 8) in serum-free condi- 
tioned medium of HOTMEC (0) and HUVEC (O) after six and 12 
hours of incubation. Intracellular levels of vWF (mean + SD. n = 8) 
of the same HOTMEC (W) and HUVEC (@) at the end of the 12-hour 
incubation are given. 
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Fig 5. Protein C activation by thrombin on the surface of 


HUVEC (A) and HOTMEC (B). The cells were preincubated with 45 
nmol/L purified human a-thrombin for 15 minutes at 37°C. After 
the removal ef thrombin, 65 nmol/L purified human protein C was 
applied, and the activity (mean + SD, n ~ 4) of the generated 
activated protein C in the supernatant was measured after 
different incubation times with the chromogenic substrate S-2266 
(Kabi Vitrum AB, Stockholm). 


MEC because it could be quantitatively determined by 
ELISA only in HUVEC. Limited amounts of vWF in 
microvascular endothelial cells may be of importance in a 
well-balanced system that provides enough vWF for platelet 
adhesion in the case of microvessel injury but prevents 
microthrombosis. 

Protein C was activated by thrombin on the surface of 
both cell types to a similar degree, which suggests the 
existence of equal numbers of thrombomodulin receptors on 
the surface of HOTMEC and HUVEC. Considering the 
relatively large surface made available by the endothelial 
cells in the microvasculature in relation to the blood volume, 
a high anticoagulant capacity mediated by protein C activa- 
tion can be assumed in the microcirculation compared with 
large vessels. 

The present study demonstrates that endothelial cells 
isolated from different vascular sources provide quantita- 
tively different fibrinolytic and anticoagulant capacities. 
These quartitative differences may be of importance to 
maintain a free and constant blood flow. The low incidence of 
capillary muicrothrombosis compared with large-vessel 
thrombosis may be explained by the high fibrinolytic and 
anticoagulant activities in the microcirculation. 
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T Cell y Gene Rearrangements in Hematologic Neoplasms 


By Norio Asou, Masao Matsuoka, Toshio Hattori, Fumio Kawano, Shuichiro Maeda, 
Kazunori Shimada, and Kiyoshi Taxatsuki 


Rearrangements of the T cell y (Ty) gene were studied in 
primary neoplastic cells from 75 patients with leukemia or 
lymphoma. Ty gene rearrangements were observed in 19 
of 21 T cell neoplasms: 14 of 21 immature B cell leukemias, 
including 4 out of 5 patients with rearrangements of both 
immunoglobulin heavy-chain (JH) and T cell receptor § 
chain (T8) genes; none out of 14 B cell neoplasms; all 3 
unclassified neoplasms: and none out of 16 nonlymphoid 
leukemias. Thus, Ty gene rearrangement is frequently 
found in immature B cells and is not always found in T cells 
showing T8 gene rearrangement, but it is not detected in 


YMPHOCYTES are known to express antigen recogni- 
tion molecules, immunoglobulin (1g) in B cells, and T 
cell receptors (TCR) in T cells. Genes for Ig and TCR share 
certain homologies including similar nucleotide segments 
consisting of variable (V), diversity (D), joining (J), and 
constant (C) regions and rearrangements to become func- 
tionally active during early B or T cell development, respec- 
tively. Therefore, an analysis of the Ig and TCR 8 chain 
(T8) gene rearrangements has become a useful tool for 
determining the lineage and clonality of lymphoid neo- 
plasms?” 

A third gene that rearranges in T cells, designated the T 
cell y (Ty) gene, also exhibits sequence similarity with Ig 
gene segments and undergoes rearrangement in both sup- 
pressor /cytotoxic and helper T cells.” However, the product 
of the Ty gene has not yet been identified, and its precise 
function remains uncertain. One approach to understanding 
the function of this molecule is to characterize the diversity 
of the assembled and expressed Ty gene in various cell types 
including neoplastic ceils. In addition, it is of importance to 
determine whether Ty gene rearrangements provide insight 
into the cellular origin and clonality of lymphoid neoplasms. 
To our knowledge, Ty gene rearrangements in non-T cells 
have been reported only by Griesser et al? who detected 
rearrangements of the Ty gene in six out of seven B cell 
lymphomas. In these respects, rearrangements of Ig heavy- 
chain (JH), T8, and Ty genes were studied in 35 B lineage 
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nonlymphoid cells. Furthermore, Ty gene rearrangement 
in cells with the germline configuration of the JH and Tf 
genes was cbserved. These results indicate that the detec- 
tion of Ty gene rearrangement dees not allow a clear 
assignment to a particular lineage. However, an analysis of 
TY gene rearrangement provides a further potential tool to 
establish the lymphoid cellular origin and clonality of hema- 
tologic neoplasms and identify the normal stages of lym- 
phocyte differentiation. 

® 1987 by Grune & Stratton, Inc. 


neoplasms, 21 T cell neoplasms, 3 unclassified neoplasms, 
and 16 nonlymphoid neopiasms. 


MATERIALS AND METHODS 


Patients ard cell preparations. Twenty-one patients with imma- 
ture B cell acute lymphoblastic leukemia (ALL), 14 patients with 
mature B cell neoplasm (10 non-Hodgkin's lymphomas [NHL]. and 
four chronic ymphocytic leuxemias [CLE 2} patients with T cell 
neoplasm (two ALL, eight NHL, nine CLL and two adult T cell 
leukemias), three patients with unclassified ALL, and 16 patients 
with acute ronlymphocytic leukemia were studied. Mononuclear 
cells were separated from heparinized peripheral blood or bone 
marrow by Ficoll-Hypaque density gradient centrifugation. or sin- 
gle-cell suspensions of lymph nodes were obtained from these 
patients, either at the time of diagnosis or relapse. The specimens of 
bone marrow, peripheral blood, and iymph nodes were gathered 
after informed consent was obtained according to the guidelines of 
the Kumamoto University Medical Schooi Committee for Protection 
of Human Si bjects. 

Phenotypic analysis. Surface Ig (slg) and cytoplasmic Ig (clg) 
were detected with fluorescein isothiocyanate—conjugated goat anti- 
human polyealent Ig, m, y. x, and A chains. The expression of 
common ALL antigen, B, T, and myelcid cell-associated antigen 
was determined by indirect immunoflucrescence using a panel of 
murine monceclonal antibodies (mAbs): JS (CD10). B4 (CD19), BI 
(CD20), OK T3 (CD3), OKT4 (C D4), OR T6 (CDI), OR TS (C D8), 
OKT (CD2), Tp40 (CD7}, MCS-1 (CDwt5), MCS-2 (CDw 13), 
and antiplatelet glycoprotein lb/tHa complex. 

Southern hybridization analysis! Ten micrograms of DNA 
extracted fram mononuclear cells were digested with an appropriate 
restriction enzyme, size-fractionated by 0.7% agarose gel electro- 
phoresis, and transferred to a mitroceflulose filter. Filter-bound 
DNA fragments were then hybridized to nick-translated P-labeled 
probes, wasted with appropriate stringency, and visualized on 
autoradiograms. Rearrangements of the Ty gene were examined 
with a 0.7-kilobase (kb) germline Hindi l-to-EcoRI fragment con- 
taining the first J region (Jv1) of the human Ty gene, which was 
highly homo ogous with the second J region (Jy2).’ 


RESULTS 


The resu ts of the Southern hybridization analysis with the 
JH. T8, and Ty gene probes are summarized in Table 1, and 
representative autoradiograms are shown in Fig 1. The Jy 
and Jy2 genes exhibit rearrangement when DNA is digested 
with EcoRI? or Hindit? Cells displaying the germline Ty 
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Table 1. Structure of Rearranging Genes in Hematologic Neoplasms 
Cell Type No. of Cases Germline JH Te Ty JH + T8 JH + Ty T8 + Ty JH + TH + Ty 
Immature B 21 6 1 10 4 
B 14 13 1 
T 21 2 19 
Unclassified 3 1 1 1 
Nonlymphoid 16 16 
DISCUSSION 


gene with EcoRI-digested DNA show either two 2.2-kb 
Hindll\\ restriction fragments containing the Jyl and Jy2 
genes or this fragment together with a 5.2-kb fragment 
containing the Jy2 gene. This is considered to reflect the 
existence of a nonallelic polymorphic fragment without a 
HindllI site corresponding to the 5’ end of the Jy2 gene, as 
previously described by Lefranc and Rabbitts.’ The results 
obtained with EcoRI-(Fig 1A) and HindIIl-digested DNA 
(Fig 1B) hybridizing to the Jy1 probe were identical except 
for the aforementioned polymorphic bands, thereby indicat- 
ing that these rearrangements could not be ascribed to a 
restriction fragment length polymorphism. Ty gene rear- 
rangements were detected in 19 of 21 cases of T cell 
neoplasm; 14 of 21 cases of immature B cell leukemia in 
which the cells expressed B4, J5, B1 antigen, or clg but not 
slg; none of 14 cases of B cell neoplasm in which the cells 
expressed a single Ig light-chain isotype, « or A; all three cases 
of unclassified leukemia in which the cells reacted with 
neither myeloperoxidase staining nor B4, B1, Tp40, MCS-2, 
and antiplatelet Ib/Illa mAb; and none of 16 cases of 
nonlymphoid leukemia. From 49 different rearranged Ty 
bands in 36 cases, only nine unique rearrangements were 
noted, which suggests that the diversity of human Ty genes 
produced by this recombination mechanism is more limited 
than that of the Ig or TCR genes. 
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Fig 1. Southern blotting hybridization of the Jy1 probe to 


EcoRI-(a) or Hindill-digested DNA (b) from hematologic neoplasms. 
Lane 1: DNA of HL-60 cells served as a control for the germline 
configuration. Lanes 2 through 7: DNAs prepared from immature B 
cell ALLs. Lane 8: T cell ALL. Lanes 9 and 10: unclassified ALL. 
DNAs from the same patients are in identical lane numbers in a and 
b. Dashes indicate the germline 3.5-kb and 1.5-kb EcoRI fragments 
containing the Jy2 and Jy1 genes, respectively, and show the two 
2.2-kb Hindill fragments containing the Jy1 and Jy2 genes and a 
5.2-kb Hindili fragment corresponding to the nonallelic polymor- 
phic fragment of the Jy2 gene. Arrows on the left of each lane 
indicate rearranged bands. 


Ty gene rearrangements were observed in 19 of 2! T cell 
neoplasms, 14 of 21 immature B cell leukemias, and all three 
unclassified leukemias. Thus, Ty gene rearrangement is not 
specific for T cells. Rearrangements of both JH and T8 genes 
were also detected in immature B cells from five of 2] 
patients with ALL, as reported in previous papers.**"? It is 
unlikely that these neoplasms are composed of a biclonal 
mixture of B and T cells because these neoplastic cells 
retained a pure immature B cell phenotype. The possibility 
that bigenotypic cells represent a consequence of neoplastic 
transformation is also unlikely because of the presence of 
these cells during normal lymphocyte differentiation.” 
Therefore, bigenotypic cells were considered to reflect either 
the differentiation stage at which a committed B or T cell 
retains the potential to switch to the other lineage or the 
presence of common molecular mechanisms in rearrange- 
ments of JH and T8 genes." These possibilities are supported 
by the existence of similar structural configurations" and a 
common recombinase’ for the JH and T8 genes. Ty gene 
rearrangements in immature B cells may also be explained 
by these mechanisms. In immature B cells, however, Ty gene 
rearrangements were more frequently observed than T8 gene 
rearrangements. In mouse hybridomas derived from fetal 
liver and fetal thymus, Ty gene rearrangements were 
detected in the fetal liver cells as well as in the thymus, 
although T8 and then TCR a chain (Ta) gene rearrange- 
ments occurred primarily or exclusively in the thymus." 
Therefore, Ty gene rearrangements are suggested to occur at 
high frequency in early lymphocyte differentiation. On the 
other hand, none of 14 B cell neoplasms had Ty gene 
rearrangements, which suggests that immature B cells show- 
ing Ty gene rearrangements were blocked in further differ- 
entiation. This result is in disagreement with the report of 
Griesser et al'° who showed Ty gene rearrangements in six of 
seven B cell lymphomas. The reasons for the discrepancies 
between our results and theirs are not clear. Furthermore, 
none of 16 nonlymphoid leukemias had Ty gene rearrange- 
ments. Although the function of the Ty gene product 
remains unknown, Ty mRNA expression in mice is specifi- 
cally the highest early in thymic ontogeny and declines 
thereafter, which suggests that the putative Ty polypeptide 
plays a role for early T cell differentiation in the thymus.'*"’ 
Therefore, functional Ty gene rearrangement and expression 
may be associated with T cell commitment and involved in 
the activation of T8 gene rearrangement in the same way 
that productive lg heavy-chain gene rearrangement activates 
x light-chain gene rearrangement.’ This hypothesis is sup- 
ported by the result that cells from four of five immature B 
cell leukemias displaying T8 gene rearrangement also exhib- 
ited Ty gene rearrangement. 
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However, Ty gene rearrangement was not always found in 
T cell neoplasms that had T@ gene rearrangements; in two of 
21 T cell neoplasms, the Ty gene had the germline configura- 
tion. This is in contrast with previous reports’ that Ty gene 
rearrangements had been found in all cases of T cell 
neoplasms showing T8 gene rearrangements. One possible 
explanation for our results is that a novel J region of the Ty 
gene, which is not highly homologous with the Jyl or Jy2 
region and does not hybridize to the Jy! probe, is used in V-J 
joining in such T cells. However, Lefranc and Rabbitts’ 
observed Ty gene rearrangements in all 16 T cell lines and 16 
cases of fresh T cell leukemia tested using the Jyl probe. 
Quertermous et al’ also detected Ty gene rearrangement 
using the Jy2 probe in all nine T cell lines and nine T cell 
neoplasms. Our findings indicate that Ty gene rearrange- 
ment and expression may not always be necessary for differ- 
entiation and antigen-specific functions of small numbers of 
T cells. 

On the other hand, Ty gene rearrangement associated 
with the germline JH and Tf genes was observed in one 
unclassified neoplasm as well as in two cases of Ki I’ 
lymphoma reported by Griesser et al.'° We also detected this 
genotype in two cases of NHL (unpublished observation, 
August 1986). The existence of this novel T cell subgroup is 
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supported by the findings of Brenner et alt who have 
reported that a small nember of normal T3* cells were 
WT-31>, which reacts with a common epitope of human 
TCR af chains, and expressed Ty mRNA but not TCR aG@ 
mRNA, although most T3” cells were WT-31* and 
expressed TCR a@ and Ty mRNA. 

Consequently, Ty gene rearrangement is not specific for T 
cells and not always found in T cells but is largely restricted 
within lymphoid cells. Furthermore, the existence of cells 
showing Ty gene rearrangement but with the germline 
configuration of the JH and T8 genes was demonstrated. 
Therefore, an analysis of Ty gene rearrangement provides a 
further potential tool for establishing the lymphoid cellular 
origin and clonality of hematologic neoplasms. Such studies 
would be useful not only in the diagnosis and evaluation of 
the clinical features and prognosis of patients with lymphoid 
neoplasm but also as a framework to identify normal stages 
of lymphocyte differentiation. 
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ber-abl RNA in Patients With Chronic Myelogenous Leukemia 


By E. Shtivelman, R.P. Gale, O. Dreazen, A. Berrebi, R. Zaizov, |. Kubonishi, |. Miyoshi, and E. Canaan 


The major consequence of the formation of the Philadel- 
phia (Ph') chromosome characteristic of leukemia cells of 
patients with chronic myelogenous leukemia (CML) is 
fusion of c-ab/ and ber genes. Using a sensitive RNase 
protection technique, we analyzed mRNA from a large 
number of CML patients. In most, we identified one or both 
species of bcr-abi chimeric transcripts. These two mRNAs 


HRONIC MYELOGENOUS LEUKEMIA (CML) ts 
characterized by two major phases. The chronic phase 
lasts an average of 3 years and is characterized primarily by 
accumulation of granulocytes and their precursors in the 
bone marrow and peripheral blood. This is followed by the 
acute phase (blast crisis) in which the leukemia cells fail to 
differentiate and to respond to regulatory factors of myelo- 
poiesis. In some patients there is an intermediate accelerated 
phase.’ 

A specific chromosomal abnormality, the Philadelphia 
chromosome (Ph'), is present in 90% to 95% of CML 
patients.’ This aberration results from a reciprocal transloca- 
tion between chromosomes 9 and 22 designated t(9:22).’ 
Recent molecular studies implicate the ab/ oncogene and the 
ber gene in CML. As a result of the translocation, abl is 
moved from chromosome 9 into the ber gene on chromosome 
22.4 The fused der-ab/ gene is transcribed into a large 
chimeric RNA which presumably initiates at the ber pro- 
moter and is composed of ber sequences 45’ of the transloca- 
tion point on chromosome 22 and sequences of chromosome 9 
including abl, located downstream of the translocation 
point." The primary transcript is spliced into a mature 
ber-abl mRNA of 8 kb.’*? This mRNA is translated into a 
210-kd protein ungiue to CML cells,'°'' and possessing 
enhanced tyrosine kinase activity compared to the normal 
abl protein.” 

In a previous study” we reported that in the 8-kb RNAs of 
two CML cell lines (K562 and EM2) the Junction point is 
composed of abl exon H and ber exon “3” sequences. We now 
sought to characterize the RNA junction in CML patients. 
In addition, we inquired whether the transition from the 
chronic to the acute phase of the disease involves increased 
transcription of the fused ber-ab/ gene. 


MATERIALS AND METHODS 


Leukemia cells were isolated from the buffy coat of peripheral 
blood. RNA was prepared using the urea /lithium chloride method.’ 
Polyadenylated messenger RNA was isolated by purification on 
oligo-dT-cellulose columns. R Nase protection analysis for the alter- 
native ber-abl junctions has been described.'* RNA probes were 
synthesized by standard techniques." 


RESULTS 
For qualitative and quantitative analyses of ber-abl RNA 
junctions in CML patients, we used the RNase protection 
technique. For probes we used two different junctions 
derived from cDNA clones K-28 and L-6. In the K-28 clone 
abi exon ÍI is joined to ber exon “3°; in L-6, abl exon H is 
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vary in the specific ber exon joined to abi exon tt and are 
translated into slightly different proteins. The amounts of 
the fused mRNA within leukemia cells vary considerably 
between individuals and do not correlate with the phase of 
the disease. 

e 1987 by Grune & Stratton, Inc. 


linked to ber exon “2” (enumeration of ber exons is according 
to ref 16). The positions of the relevant abl and ber exons on 
the Philadelphia chromosome are shown in Fig 1, and the 
structure of the two probes is shown in Fig 2. RNAs of CML 
patients were annealed to each of the two probes and 
following RNase digestion were electrophoretically ana- 
lyzed. Examples of these analyses are shown in Fig 2. For 
example, RNA from patient S-15 (Fig 2A, lane 1) protected 
the full-length 450-b K-28 probe. This indicates that within 
the 8-kb RNA of this patient, abl exon II is linked to ber exon 
“37. The additional bands apparent in the autoradiogram 
result from protection of the 278-b ab/ segment within the 
probe by normal ab/ RNA, and from protection of the 172-b 
ber DNA in the probe by normal ber RNA. Hybridization of 
the L-6 probe to RNA from patient 1380 (Fig 2B, lane 1) 
resulted in protection of the 280-b probe. This imphes that 
the bcr-abi RNA junction of this patient is composed of ab/ 
exon I and ber exon “2” sequences. Bands of 250 and 255 b 
seen in this experiment represent protection of segments of 
the probe by normal ab/ RNAs containing alternative first 
exons.’ 

Results of analyses of samples from 21 CML patients are 
shown in Table 1. RNAs of 19 patients contained one or both 
RNA junctions. In two patients with Ph’ chromosome we 
could not detect either junction. Seven patients had only the 
K-28 junction, and four only the L-6 linkage. Surprisingly, 
eight patients showed both junctions. 

We next questioned whether the progression of the disease 
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Fig 1. Formation of RNAs with a particular bcr-abl junction 
point depends on the chromosomal breakpoint and on alternative 
splicing. Hatched boxes represent bcr exons and are arbitrarily 
enumerated according to ref 15. Open boxes represent abl exons." 
The L-6 RNA junction at the top is formed by a mechanism of 
alternative splicing involving skipping of bcr exons "3". 
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Fig 2. bcr-ab/ RNA junctions in CML patients. (A) Protection 
of the K-28 junction by RNAs from patients S-15, S-10, 9081, 
1266, 9037, 1158, and 1158 (lanes 1, 2, 3, 4, 5. 6, and 7, 
respectively). The last two samples were analyzed on a separate 
gel. L-6 junction was not detected in these patients. (B) Protec- 
tion of the L-6 junction by RNAs from patients 1380, 1176, 9033, 
and 9011 (lanes 1, 2, 3, and 4, respectively). K-28 junction was not 
detected in these patients. Ch and bi designate patients in chronic 
phase or blast crisis, respectively. *EcoRI is a linker site. *Hincll 
site was shifted 20 nucleotides to the 5' because of a small deletion 
in L-6. 
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Table 1. Qualitative and Quantitative Analysis 
of bcr-ab/ RNA in CML Patients 


Junction * 

UPN Ph’ Phase K-28 L-6 
S-10 + chronic 3 — 
S-15 + chronic 4 EE 
1380 + chrome —t 3 
1265 + chronic 1 4 
1256 + chronic 3 2 
9058 4 chrome 10 10 
1373 + chronic 2 3 
1263 + chrome 10 4 
1056 + chronic 3 3 
1269 + chrome — — 
1158 : chrome 4 — 
1249 + chronic 1 2 
9037 ‘ acute 3 — 
1176 + acute — 5 
9033 + acute — 10 
9011 + acute oe 1 
1266 + acute 3 — 
9031 4 acute 7 2 
1267 + acute — o- 
1158 + acute 5 — 
9081 + acute 2 — 


*Reiative amount of fused bcr-ab/ RNA ranked in a scale of 1 to 10 by 
signal intensity. 
tNo signal detected. 


from chronic to acute phase is associated with enhanced 
synthesis of the fused bcr-ab/ RNA. We compared the signal 
intensity of the 450-b K-28 probe protected by RNAs from 
two patients in chronic phase (Fig 2A, lanes | and 2) and by 
RNAs from three patients in acute phase (blast crisis) Fig 
2A, lanes 3, 4, and 5). No correlation between signal 
intensity and disease phase was detected. Moreover, samples 
from the same patient taken during both phases of the 
disease contained similar amounts of the fused RNA (Fig 
2A, lanes 6 and 7). Similar analyses were performed with 
RNA samples from patients with only the L-6 junction (Fig 
2B). Again, we observed variability in the amounts of the 
fused RNAs and lack of correlation with disease stage. 
Quantitative results of these analyses are shown in Table 1. 


DISCUSSION 


In this study we demonstrate that RNA from 19 of 21 
CML patients contain one or both of two alternative ber-ab/ 
RNA junctions transcribed from the chimeric bcr-ab/ gene 
formed on the Ph'-chromosome. In two patients with the 
Ph'-chromosome, neither junction was detected. Levels in 
these individuals may have been below detection. Alterna- 
tively, these individuals may have fused RNAs in which 
different ab/ and ber exons constitute the junction point. The 
resolution of which ber exon will constitute the RNA junc- 
tion point is most simply determined by the position of the 
t(9;22) translocation point on chromosome 22. Thus, if the 
breakpoint is between dcr exons “3” and “4,” abl exon Il will 
be linked to ber exon “3.” If the breakpoint occurs between 
ber exons “2” and “3,” the RNA junction point will be 
derived from ab/ exon II and der exon “2” (Fig 1). The 








bcr-abl RNA IN CML 


surprising finding that a large proportion of patients contain 
both RNA junctions probably represents alternative RNA 
splicing; when the breakpoint is between ber exons “3” and 
“4,” abl exon II can alternatively splice to ber exons “3” and 
“2” (and possibly to other upstream bcr exons) to give two 
different RNA junctions (Fig 1). The two RNAs produced 
will be translated into proteins which vary in the 25 amino 
acid peptide coded by ber exon “3.”'® Whether the two 
proteins possess different biological activity is unknown. 
Interestingly, the breakpont in 15 of 19 (79%) cases occurred 
between ber exons “3” and “4”. 

In the second part of this work we showed that the amount 
of bcr-abl mRNA varies considerably between patients. 
Moreover, cells from patients in the acute phase do not 
contain, on average, higher levels of the fused dbcr-ab/ 
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transcript. On the basis of these data, we conclude that 
transition from chronic to acute phase of CML is not the 
result of increased expression of the bcr-ab/ gene. Our studies 
do not exclude qualitative and quantitative alterations in the 
fused protein during phase transition. However, it is likely 
that other genetic changes, such as those associated with the 
additional chromosomal alterations typical of CML in acute 
phase,” underlie the phase transition of the disease. 
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COBALAMIN-FOLATE INTERRELATIONS 


To the Editor: 


| would like to comment on two points made by Dr Chanarin and 
his colleagues in their critical and comprehensive review of cobala- 
min-folate interrelations.’ 

First, they state that ““megaloblastic erythropoiesis is unique to 
humans.” They have overlooked completely the classic writings of 
Marston, who in 1952 described a profound macrocytic anemia in 
which the oxygen-carrying capacity fell to 30% or lower in sheep 
suffering from cobalt deficiency.” Two further features were subse- 
quently added to the picture: (1) the presence of abnormal primitive 
erythroblasts in the peripheral blood and (2) a spectacular response 
to folic acid. These were observed both in sheep reared on cobalt- 
deficient pastures and in experimental sheep rendered vitamin B,, 
deficient under carefully controlled laboratory conditions. In these 
animals “the blood picture proclaims a disorder of bone marrow very 
similar to that which is evident in pernicious anemia and like the 
latter responds dramatically to folic acid.” In a further publication 
Marston described the anemia as megaloblastic and noted that it 
responds equally dramatically to vitamin B, as well as to folic acid.’ 
True, the sheep is not the ideal experimental animal in which to 
study megaloblastic anemia because in it the effects of adenocobal- 
amin deficiency are usually much more profound than those of 
methylcobalamin deficiency. It succumbs to the former usually 
before any serious degree of anemia develops. 

Second, the authors state that “there is an unconfirmed report of 
increased urinary excretion of methylmalonic acid in patients anes- 
thetized with NO.” Other important substances are metabolized 
along the propionyl-succinyl pathway. Notable among these are 
valine and isoleucine. Dietary loading with both these amino acids 
will increase the methylmalonic aciduria in untreated pernicious 
anemia, indicating that their metabolism also is impaired at the 
methylmalonyl-CoA mutase block.*’ This is true also in patients 
under nitrous oxide anesthesia. Serum valine levels were signifi- 
cantly elevated in patients anesthetized with nitrous oxide for 
periods of three hours or longer. This was attributed to the inactiva- 
tion of adenosyleobalamin by nitrous oxide, thereby inducing the 
methylmalonyl—CoA mutase block with resulting accumulation of 
valine in the blood.” The urinary excretion of methylmalonic acid 
was not increased in these patients (unpublished observation). 
Isoleucine, which is only partly metabolized along the propionyl— 
succinyl pathway, as well as valine, and partly along a vitamin B,, 
independent ketogenic pathway, can also be elevated in patients 
undergoing nitrous oxide anesthesia, but the serum levels of both 
these amino acids show a pronounced fall in patients anesthetised 
without nitrous oxide.’” Three metabolites, valine, isoleucine, and 
methylmalonic acid, therefore accumulate proximal to the methyl- 
malonyl-CoA mutase block in humans exposed to nitrous oxide. 


This is conv ncing evidence that, unlike in the rat, the enzyme 
methylmalonyl-CoA mutase is inactivated by nitrous oxide in man. 
The serum valine levels measured by the highly sensitive microbio- 
logical method employed'' (mean recovery 99.4%, coefficient of 
variation + 3.2% in 12 experiments after adding 4.0 mg % of L-valine 
to normal serum) would appear to be a more sensitive indicator of 
the mutase activity than the urinary methyimalonic acid under these 
very short pe-iods of exposure to nitrous oxide. 


T.E. PARRY 
Souta Glamorgan Area 

Health Authority (Teaching) 
South Glamorgan, UK 
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To the Editor: 


in response to Dr T.E. Parry, the anemia in sheep reared on 
cobalt-deficient feed and hence developing cobalamin deficiency 
when examined by hematologists was reported to be normocytic and 
normochromic,' and the marrow was hypoplastic.” The assumption 
30 years ago that the anemia in sheep was megaloblastic was not 
based on any supporting evidence. 

We are not aware of any convincing evidence for the inactivation 
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of methylmalonyl--CoA mutase by short-term exposure to nitrous 
oxide in mar. 
L CHANARIN 
ROSEMARY DEACON 
M. LUMB 
M. MUIR 
JANET PERRY 
MRC Clinical Research Center 
Norihwick Park Hospital 
Harrow, Middlesex. UK 
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CLONAL ORIGIN OF ERYTHROID CELLS IN JUVENILE CHRONIC MYELOGENOUS LEUKEMIA 


Ta the Editor: 


We read with interest the article “Juvenile Chronic Myelogenous 
Leukemia: Characterization of the Disease Using Cell Cultures” by 
Estrov et al that appeared in a recent issue of this journal.’ 

Our observations with an in vitro progenitor cell assay in two 
patients with juvenile chronic myelogenous leukemia (JCML) led us 
to different conclusions. Namely, the erythroid cells in this disease 
also descend from the leukemic clone. The erythroid cells from our 
patients proliferated in vitro and formed BFU-E colonies that could 
not be morphologically distinguished from BFU-E colonies of nor- 
mal marrows, but they exhibited the karyotype of the leukemic 
clone. Thus JCML appears to be a multipotent stem cell disease like 
the Philadelphia chromosome—positive CML. Sato et al? also alluded 
to the fact that their observations of JCML suggested the pluripotent 
stem cell origin of JCML. 

In cur patients (see Table 1 for the summary of our clinical and 
laboratory findings), the bone marrow and blood specimens formed 
erythroid colonies. We used the culture method described by Ogawa 
et al’ for erythroid colonies in case | and the CFU-GEMM culture 
method described by Messner and Fauser* with some modification in 
case 2. The modification consisted of using 30% plasma-derived 
horse serum (Sterile Systems, Inc., Logan, UT) and conditioned 
medium derived from culture of the human bladder carcinoma cell 
line 5637° instead of human plasma and phytohemagglutinin LCM, 
respectively. 

In case 2, the initial fresh marrow sample yielded two cytogenti- 
cally distinct clones, one with 45,XY,-7 (29 of 32 cells) and the 


other, 46,XY (three of 32 cells), The results of CFU-GM and 
CFU-GEMM cultures are shown in Table 1. We cytogenetically 
examined pooled colonies that formed in the plate from the CFU- 
GEMM culture. Of 75 metaphases analyzed, 73 were 45,-7. One 
was 46,XY, and the other had 90 chromosomes. The blood ceils 
cultured with phytohemaggutinin for three days yielded only the 
normal karyotype (26 metaphases examined). After the patient 
received one course of daily VP-16 and cyclophosphamide for five 
days, a blood sample was again cultured for CFU-GEMM. The 
sample formed an average of 221 colonies (duplicate plates) consist- 
ing of 43 erythroid, 33.5 mixed erythroid and granulocyte-macro- 
phage, 98.5 pure macrophage, and 46 granulocyte-macrophage. The 
granulocyte or macrophage differentiation was confirmed by naph- 
thol-ASD chloroacetate and a-naphthyl acetate esterase stains using 
Sigma cytochemical kits (catalogue no. 90-C2 and 90 A-1, Sigma 
Chemical Co, St Louis). All colonies formed in one dish were pooled 
and prepared for cytogenetic analysis. Separately, well hemogiobin- 
ized erythroid colonies from another dish were picked, pooled, and 
prepared for cytogenetic analysis. Both preparations yielded only 
metaphases with 45,XY,-7 (15 metaphases were examined from 
each preparation). The results strongly suggested that the erythroid 
cells derived from the leukemic clone proliferated in vitro. Since the 
erythroid colonies did not grow in the absence of erythropoietin, their 
growth appeared to be under the erythropoietin control. 

Growth of erythroid colonies from bone marrow cells from a 
JCML patient has been described.* Investigations of erythroid ceils 
in this disease suggested a number of fetal characteristics such as a 
high fetal hemoglobin concentration and a prevalence of decreased 


Table 1. Summary of Two JCML Cases 





Parameter Case 1 Case 2 
Age at diagnosis (mo) 8 8 
Hb (g/dL) 9.0 11.6 
WBC (x 107 °/ul) 29.0 22.0 
Monocytes (9%) 29.0 31.0 
Platelet (x 10° 7/uL} 31.0 67.0 
Fetal Hb (%) 3.1 3.1 
LAP (15- 100} 63 ND 
Lysozymes (ug/mL) (5-13) 7.8 16.2 
Spleen (below costal margin) 8 cm palpable 2 cm paipable 
Cutaneous rash present present 
Bone marrow blasts (%) 10 15 
Marrow karyotype 46, XY 45, XY, —7/46, XY 
Progenitor cell assay at diagnosis 
Marrow 

CFU-GM/5 x 10°(197.0 + 111.5) 369 + 29 550 

CFU-GEMM/1 x 10°{173 + 101) ND 315 (59 BFU-E and 11 mixed) 

BFU-E/5 x 10° (32.7 + 20.5) 139 ND 

Blood 

CFU-GM/5 x 10° (16.4 + 8.7) 127 +9 1,670 

CFU-GEMM/1 x 10°(14.3 + 9.4) ND 342 (96 BFU-E and 30 mixed} 

BFU-E/5 x 10° (33.5 + 6.5) 


107 + 11 ND 


Ariea Antah deh A Born AA whe hh AAAA AIAD 


Figures in parentheses indicate the range of the normal sample or the mean + 1 SD of control samples. 


Abbreviation: ND, not done. 
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red cell I antigen.” Whether this is an indication of the malignant 
erythroid clone or an epiphenomenon is unknown. 

We are uncertain regarding the reasons for the discordant results 
of ours and those of Estrov et al. 

Neither of our patients exhibited a high fetal hemoglobin concen- 
tration. It is possible that the high fetal hemoglobin variety may be a 
disease different from JCML without a high fetal hemoglobin 
content. This could be answered by culturing marrow and blood cells 
from patients with and without high fetal hemoglobin concentra- 
tions. 


SUSUMU INOUE*¢ 

TAKEO SHIBATA* 

YADDANAPUDI RAVINDRANATH*# 
NORMA GOHLE?T 

Divisions of Hematology* and Cytogeneticst 
Children’s Hospital of Michigan 
Department of Pediatricst 

Wayne State University School of Medicine 
Detroit 


To the Editor: 


The letter by Inoue et al provides further insight into the 
disordered hematopoiesis that characterizes juvenile chronic 
myelogenous leukemia (JCML). The relevant data are confined to 
the cytogenetic analysis of the plucked, well-hemoglobinized BFU-E 
erythroid colonies derived from cultures of the peripheral blood of 
case 2. The investigators demonstrated nicely that 15 erythroid cells 
in metaphase at the time of study showed monosomy 7, thus 
indicating their derivation from the leukemic clone. This does not 
prove that all of erythropoiesis in vivo and in vitro in case 2 was 
derived from the malignant clone because not all the BFU-E colonies 
were plucked for study and not all of the colonies that were selected 
were composed of cells in metaphase. Nevertheless, the data are 
important because they identify the leukemic “event” in case 2 at an 
early point in hematopoiesis, possibly at the level of the pluripotent 
stem cell similar to Philadelphia chromosome + adult CML. 

As Inoue et al indicate, the cell culture findings from both of their 
patients at diagnosis were different than those that we reported.’ 
Using CFU-GEMM and CFU-C assay systems, marrow and periph- 
eral blood from our patients at diagnosis yielded only monocyte- 
macrophage colonies. Most importantly, the excessive proliferation 
of these colonies persisted in cultures lacking both adherent cells and 
exogenous colony-stimulating activity. We regard this latter finding 
as a diagnostic hallmark of JCML. 

Since our publication, we have performed serial CFU-GEMM 
studies on peripheral blood from two patients who became resistant 
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to chemotherapy and developed recurrent, aggressive JCML. Speci- 
mens from beth of these patients still yielded monocyte-macrophage 
colonies but also large numbers of highly proliferative BFU-E 
colonies that continued to grow actively on replating in secondary 
cultures. Karyotypes on plucked BFU-E colonies from both cases 
were normal whereas monocyte-macrophage colony karyotypes 
were abnormal. These results differ but do not contradict those of 
Inoue et al for the technical reasons stated before. 

The emergence of in vitro erythropoiesis in our cases may indicate 
that cell culture profiles in JCML change with time, chemotherapy, 
or advancing disease. Since marrow from both patients of Inoue et al 
showed excessive numbers of blasts, they may have already been ina 
highly malignant phase of disease similar to our cases that yielded 
BFU-E colonies. 

Ongoing serial studies by interested workers will hopefully provide 
an answer to this and other aspects of JCML. 


MELVIN H. FREEDMAN 
ZEEV ESTROV 

Hospital for Sick Children 
Toronto 
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ERRATUM 





In the article by Pui et al entitled “Shifts in Blast Cell Phenotype and Keryotype at Relapse of Childhood Lymphoblastic 
Leukemia,” which appeared in the December 1986 issue, a typesetting error was made in Table 3. The partial karyotype in 


column | for Case | is repetitious and should be ignored. 
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ANNOUNCEMENTS 


AMERICAN BOARD OF INTERNAL MEDICINE 
1987 SUBSPECIALTY EXAMINATIONS IN MEDICAL ONCOLOGY 
AND CRITICAL CARE MEDICINE 


Registration Period: January 1, 1987 through April 1, 1987 
Examination Date: November 10, 1987 


For information and applications forms, please contact: Registration Section, American Board of Internal Medicine, 3624 
Market Street, Philadelphia, PA 19104. : 
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LEUKEMIA SOCIETY OF AMERICA 
THIRD ANNUAL NATIONAL SYMPOSIUM 


Town and Country Hotel, San Diego, CA 
March 18-21, 1987 


Designed to focus on the latest advances and techniques in research and treatment of leukemias and lymphomas, the 
program will address current information and rapidly developing new approaches and programs in studies of the disease. 
Emphasis will be upon the application of basic science and its relation to clinical practice. The meeting is geared to physicians, 
nurses, allied professionals, fellows-in-training, residents, and students with major interest and involvement in leukemia and 
related disorders. The course is accredited for CME by the AACME. It meets the criteria for 17 credits in Category I towards 
the Physician's Recognition of the AMA. Registered nurses will qualify for 20.7 contact hours of continuing education through 
the LSA’s provider accreditation for continuing education for registered nurses. 


There will be: a keynote address on “Chromosomes, Genes, and Leukemia” by Peter C. Nowell, MD: Stohlman Memorial 
Scholar papers; posters; and five minisymposia, dealing with biological characteristics of clinical trial designs, molecular 
genetics, application of molecular probes, antimyeloid monoclonal antibodies, and cellular response to growth factors. There 
will also be daily group breakfasts and an awards banquet. Registration fee: physicians: $100: nurses. fellows-in-training, 
residents, and students: $60. Fees are due by March 11, 1987. 


For registration and additional information, contact: LSA Medical Conference, c/o Bostrom Corporation, 435 N Michigan 
Ave, Suite 1717, Chicago, IL 60611. Telephone: (312) 644-0828. 
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21ST ANNUAL CONFERENCE ON PRACTICAL, CLINICAL, AND LABORATORY 
ASPECTS OF BLOOD COAGULATION 
April 27-29, 1987 


STH ANNUAL ANTIBODY, SPECIAL COAGULATION, AND PLATELET TECHNIQUES WORKSHOP 
April 25-26, 1987 


Kellogg Center, Michigan State University 
Sponsored by the College of Human Medicine, Michigan State University 
Course Director: Dr John A. Penner 


Workshop Director: Dr Houria I. Hassouna 


For further information, contact: Mary Edna Helfer, Conferences, A118 E Fee Hall, Michigan State University, East 
Lansing, MI 48824-1022. Telephone: (517) 353-8856. 
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SYMPOSIUM ON PLASMA CELL MYELOMA AND RELATED DISEASES 


April 10, 1987 
Duke University Medical Center, Durham, NC 


GUEST SPEAKERS 


Daniel E. Bergsagel, Toronto M. Robert Cooper, Winston-Salem 
Brian G.M. Durie, Tuscon Thomas A. Waldmann, Bethesda 
T.J. McElwain, London Howard Ozer, Chapel Hill 


This symposium is sponsored by the Hematology/Oncology Division of the Department of Medicine. The natural history, 
clinical presentation, and evolution of plasma cell myeloma will be reviewed along with staging, treatment, and prognosis using 
standard regimens. The investigational use of high-dose melphalan chemotaerapy and the interferons will be reported, and 
current investigations regarding the molecular biology of B cell neoplasms. Particular attention will be given to problems and 
complications encountered in patients with plasma cell myeloma and controversies in treatment. For further information, 4 
write: Myeloma Symposium, Box 3096, Duke Medical Center, Durham, NC 27710. 





DR H. DUBOIS-FERRIERE—DINU LIPATTI RESEARCH FELLOWSHIP IN HEMATOLOGY 
The Dr H. Dubois-Ferrière—Dinu Lipatti Foundation offers a research fellowship to a medical graduate with at least two 
years’ experience in research. The recipient of the fellowship will have the opportunity to spend two or three years working on a 


hematology research program in Geneva. The annual stipend ranges from US $30,000 to $35,000. 


For further information, contact: Fondation Dr H. Dubois-Ferriére—Dinu Lipatti, case postale 225, CH-1227 Carouge- 
Genéve, Switzerland. 


XIX MEETING OF THE INTERNATIONAL SOCIETY OF PEDIATRIC ONCOLOGY (SIOP) 


September 13-18, 1987 
Jerusalem Laromme Hotel, Jerusalem, Israel 


Deadline for abstracts: April 15, 1987 
For further information, write: Prof R. Zaizov, PO Box 983, Jerusalem 91009, Israel. 
STH EUROPEAN CONFERENCE ON CLINICAL HEMORHEOLOGY 


June 29-30 and July 1, 1987 
Bordeaux, France 


The Presidents of the conference will be Prof P. Boivin and Prof J-F. Stoltz. The main topic will be the importance of blood 
methodology to clinical studies. There will be interdisciplinary sessions organized in collaboration with specialist societies for 
angiology, hematology, neurology, and thrombotic disorders. 


For further information, contact: Prof Michel R. Boisseau, Secretariat Scientifique, Laboratoire d Hématologie, Hopital 
Cardiologique, Avenue Magellan, 33604 Pessac, France. Telephone: 56 36 24 45, extension 33148. Telex: 560 349 F. 
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Now You CAN 
STORE LEUKOPOOR RED CELLS 





Wiru [HE CUTTER 
LEUKOTRAP” RED CELL STORAGE SYSTEM. 


SIMPLE, RELIABLI 
PROCEDURE 
The Leukotrap System provides 
consistent results with onli 
minimal technician time and 
a standard centrifuge 
Provide a better red ( ell 


product with the Leukotrap 


Now you can cost-effectively 
produce and store high-quality 
leukopoor red cells for 42 days. 
The Leukotrap closed system 
efficiently removes leukocytes 
trom tresh red cells, then 
maintains red cell viability for 
42 days in the Nutricel" AS-3 





additive solution i i hi ai Storage System...another Compo 
Pe a Cn nent Enhancement Product, onl) 
MOST EFFICIENT emoval filte trom Cutter 
CLOSED SYSTEM METHOD For more information, contact 
[he Leukotrap Storage System removes your Cutter Biological Representative oi 
914% ol leukocytes and 80% of platelets, call our Professional Services 
while recovering 90% of the red cells Department at (800) 227-1762 


Upesouiies. 


Cutter Biological WERE -Dara on aleat Cu 


MOLECULAR AND 
CELLULAR PROBES 


The Location, Diagnosis and Monitoring of Disease by Specific Molecules and Cell Lines 








Editors-in- Chief The journal will publish the description, technical and 
C. N. Hales clinical evaluation of specific molecules and cell lines 
Department of Clinical Biochemistry, which may be used in the diagnosis, location and 
University of Cambridge, monitoring of disease. S 

Cambridge, UK Also to be included are the description of new or greatly 


improved strategies for the production of molecules or cell 
lines potentially suitable as probes and of new strategies 


R. H. Yolken a for the generation and detection of signals from such 
Department of Pediatrics, probes. Animal studies in so far as they are clearly 
The Johns Hopkins University, Baltimore, relevant as models or tests of techniques applicable to 
Maryland, USA man also come within the scope of the journal. The journal 


aims to cross the traditional boundaries of diagnostic and 
clinical medicine departments since new probes or new 
Editorial Board approaches to the development of probes are likely to be 
L. Anderson (Atlanta, USA), |. D. Bernstein (Seattle, USA), of Interest to workers in a variety of fields outside that of 
P. Biberfeld (Stockhoim, Sweden), M. K. Estes (Houston, USA), the original discoverers, By the publication of New work 
: l i and reviews the journal will aim to keep readers in close 
W. A. Franklin (Chicago, USA), H. B. Greenberg (Stanford, USA), contact with the most recent advances in this rapidly 
J. F. Gusella (Boston, USA), B. A. Gusterson (Sutton, UK), expanding area of medicine. 
C. C. Harris (Bethesda, USA), C. S. Henney (Seattle, USA), 
L. A. Herzenberg (Stanford, USA), T. Hyypia (Turku, Finland), Research Areas Include: 


J. A Kant (Philadelphia, USA), H. H. Kazazian (Baltimore, USA), Detection and measurement of specific molecules by poly- 


D. M. Knowles (New York, USA), D. Louvard (Paris, France), nucleotides, monoclonal antibodies and cloned hybridomas or 
G. J. B. van Ommen (Leiden, The Netherlands), S. A. Plotkin cell lines. 

(Philadelphia, USA), J. M. Polak (London, UK), J. L. Sever e Improved strategies for the production of these probes. 
(Bethesda, USA), K. Sikora (London, UK), E. Simpson (Harrow, e Improved methods for the generation or detection of signals 
UK), E. Solcia (Pavia, Italy), R. P. Viscidi (Baltimore, USA), from these probes in vivo or in vitro. 

D. C. Ward (New Haven, USA) . e Animal models used as tests of the probes. 


Manuscripts for Publication to: 


Professor C. N. Hales, Dr. R. H. Yoiken 

Department of Clinical Biochemistry, University of Cambridge, Department of Pediatrics, The Johns Hopkins University, 
Addenbrooke’s Hospital, Hills Road, Cambridge CB2 2QR, UK Baltimore, Maryland 212305, USA 

{Monoclonal Antibodies and Cell Lines) (DNA Probes and Infectious Diseases) 


Publication: Quarterly è Subscription: Volume 1, 1987 
Full Rate: £60.00 (U.K.)/$98.00 (Overseas) è “Personal Rate: £30.00 (UK.)/$49.00 (Overseas) 


*Personal subscription rates are available only on orders placed directly wita the Publisher and paid for out of personal funds. 





For full subscription information, sample copies and Instructions to Authors please apply to: Journals 
Marketing Department, Academic Press, Inc. (London) Ltd, 24-28 Oval Road, London NW1 7DX, UK, or to: 
Journal Promotion Department, Academic Press, Inc., 1250 Sixth Avenue, San Diego, CA 92101, U.S.A. 
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Diffuse-Large-Cell Lymphoma 


84% Complete Response 
90% of Complete Responders 
Disease- Free at Two Years’ 





“Klimo P, Connors IM: MACOP-B chemotherapy for the treatment of diffuse large-cell lymphoma. 


Ann Intern Med 102:596-602, 1985. 


(sterile bleomycin sulfate! 
Brief Summary of Prescribing Information (7) 10/84. For 


complete prescribing information please consult product 
literature. 





WARNING | 


itis recommended that Blenoxane* be admunistered under the | 
supervision of a qualified physician experienced in the use of cance | 
| chemotherapeutic agents. Appropriate management of therapy and | 


ervey estas 





compmicatiqis possible oniy when adequate diagnaste and! 
| reatment faciives are readily avadable | 
| Pulmonary fibrosis is the most severe toxicity associated with 
| Bienoxane. The most frequent presentation is pneumonilis occa 
| sionally progressing to pulmonary fibrosis. Hts occurrence is higher 
iin elderly patients and in those receiving greater than 4(¥) units total 
dase, but pulmonary toxicity has been observed in young patents 
and those treated with iow doses. 
A Severe idiosyncratic reachan consisting of hypotension, mental 
i contusion. fever chills, and wheezing has been reported m 


| approximately 1% of lymphoma patients treated with Bienoxane. 


INDICATIONS: Slenoxane should be consulered a paliatve treat- 
ment. ff has been shown to be useful in the management of the 
folowing neoplasms either as a single agent or in proven combina- 
tons with other approved chemotherapeutic agents: 

Squamous Cell Carcinoma — Head and neck inciuding mouth, 
tongue. tons, nasopharynx, oropharynx. sinus. palate, hp. Buccal 
Mucosa. gingiva, epiglottis, skin, larynx. penis, cervix. and vulva. The 
response to Blenaxane is poGrer im patients with head and neck cancer 
previgusiy radiated. 

Lymphomas — Hodgkin's. reticulum cell sarcoma. ymohosarcoma. 

Testicular Carcinoma — Embryonai cell. chonocarcinoma. and 
teratocarcinoma . 


CONTRAINDICATIONS: Bienoxane is contraindicated in patients 
who have demonstrated a hypersensitive of an idiosyncratic reaction 
to it. 





WARNINGS: Patents receiving Blenoxane must 0e observed 
carefully and frequently during and after therapy it shouid be used 
with extreme cauhon in patients with significant impairment of renal 
} function or compromised pulmonary function 
. Pyimonary toxicities occur in 10% of treated patients in agprox- 
imately 1%, the sonspecific pneumonitis induced by Blencxane 
progresses tc pulmonary fibrosis. and death. Although ths is age and 





dose related. the toxicity is unpredictable. Frequent roentgenograms 
are recommended. 

idiosyncratic reactions similar to anaphylaxis have been reported in 
iy of lymphoma patents treated with Bienoxane. Since these usually 
occur after the frst or second dose, careful moniloring is essential 
after these doses. 

Renal or hepatic toxicity, begenming as a deterioration in renai or 
liver function tests, have been reported. infrequently. These toxierties 
may occur, however, at any time after initiation of therapy. 

Usage in Pregnancy: Safe use of Blenoxane in pregnant women has 
not been established 


ADVERSE REACTIONS: Pulmonary — This :s potentiaiy the most 
senous side effect. occurring mo approximately 10% of treated 
patents. The most frequent presentation is pneumonitis occagonally 
progressing fo pulmonary fibrosis. Approximately 1% of patents 
treated have died of pulmonary fibrosis Pulmonary toxicity 1s both 
dose and age-related. being more common in patents over 70 years of 
age and in those recering over 400 units total dose This toxicity. 
however ig unpredictable and has been seen occasionally in young 
patients receiving low doses. 

Because of jack of specificity of the chnical syndrome. the 
ddenhfication of patients with pulmonary toxicity due to Bienoxane has 
been extremely difficult, The earliest symptom associated with 
Blenoxane pulmonary toxicity :s dyspnea. The aarhest sign is fine 
raies. 

Radiograghically, Blenoxane-mduced pneumonitis produces non- 
speciic patchy opacities. usually of lower lung fields. The most 
common changes in pulmonary function tests are a decrease in total 
jung volute and a decrease in vital capacity. However, these changes 
are mot predictive of ihe development of pulmonary hbrosis. 

The microscopic tissue changes dug to Blenoxane toxicity inciude 
bronchiolar squamous metaplasia. reactive macrophages. atypical 
aiveolar epithelial celis, bbringus edema. and interstitial fibrosis, The 
acute stage may involve capillary changes and subsequent honnous 
exudation mig aiveok producing a change simdar to hyaline membrane 
formation and progressing to a diffuse interstitial fibrosis resembling 
the Hamman-Rich syndrome These mucrascopic findings are norn- 
specific. eg.. milar changes are seen im radiation pneumonitis. 
pneumocyshe pneumonitis 

To monitor the onset of pulmonary toxicity, coentgenograms of the 
chest should be taken every | to 2 weeks Hf pulmonary changes are 
noted treaiment should be discontinued unti a can be determemned sf 
they are drug related. Recent studies have suggested that sequential 
measurement of the pulmonary diffusion capacity for carbon mongx- 
ide (DL...) dunng treatment with Blenoxane may be an indicator of 
subclimcal pulmonary toxicity fs recommended that the OL. be 
mondoreg monthly f it is to be employed to detect pulmonary 
toucifies. and thus the drug should be discontinued when the DL, 


talis below 30 to 39% of the pretreatment value 

Because of bleamycin’s sensitization of lung tissue, patenis who 
have received bleomycin are at greater risk of deveiaping pulmonary 
toxicity when oxygen is administered at surgery. Wide long exposure 
to very high oxygen concentrations is a known cause of lung darnage. 
after bleomycin administration. tung damage can occur at lower 
concentrations than usually would be considered safe Suggecied 
preventive measures are 
(1) Maintain FiO. at concentrations approximately habot roam wer 

(25%) during surgery and fhe post-operative period 
(2) Monitor carefully fluid replacement, focuaeng mom on ponni 

admunistration rather than crystalloid. 

idiosyncratic Reactions - in approximately > of the amphora 
patients treated with Blenoxane an mliosyncrahc sachin. sisuiar w 
anaphylaxis cbrically, has Deen reported The reaction may be 
inmediate or delayed for several hours. and usually occurs efter the 
first of Second dose it consisis of hypotension, mente: confuses. 
fever chlis. and wheezing. Treatment 6 symetomeic BROG È 
ume expansion, prassar agents. antihuglarmines, and corficasiennds. 

integument and Mucous Membranes — These ace the most 
frequent side effects. being reported in approximately 50% of vested 
patients. These consist of erythema, fash. striae, vesiculation. 
hyperpigmientation. and tenderness of the skin. Kyperkerainsis. nal 
changes. alopec, pruntus, and stomatitis have alga Seen reported. 4 
was necessary to discontinue Blenoxane therapy in 2% of treated 
patients because of these toxicities 

Skin toxiesty is a relatively late marifesighon usually developing m 
the 2nd and 3rd week of treatment after 150 to 200 units af Blenaxare 
have been admumstered and appears to be related to the cumulative 
dose 

Other — Fever chilis, and vorming were frequently reported siie 
efiects. Anorexia and weight ioss are comman and may persist long 
after terrunation of the medication. Pain at tumor sie, ohiebitis. and 
other local reactions were reported infrequently. 

There are isciated reports of Raynaud phenomenon occurring ni 
patients with jesticular carcinomas treated with 4 combination of 
Glenoxané and Velban®. itis currently unknown 4 the cause for Ure 
Raynaud's phenomenon im these cases is the disease, Blenoxane. 
Velban. of a comiuniahon of any of 38 of these 


SUPPLY: Each val contains 15 units of Blenoxane as sierde 
bieomygn sulfate NOC 0018-3010-20 


UA-270-1 
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POSTDOCTORAL FELLOWSHIP 
IN BLOODBANKING 


LCGME approved, starting July 1, 1987 at the 
Hoxworth Blood Center of the University of Cin- 
cinnati, serving 30 hospitals and physically located 
in a Medical Center which includes the Medical 
School, the University Hospitals, Children’s Hos- 
pital, and the VAH Medical Center. Special fea- 
tures include large crossmatching service, well- 
known reference laboratories and SBB-Masters 
immunohematology program; apheresis program, 
histocompatibility laboratories; kidney, heart, 
liver and bone marrow transplantation programs, 
active research program. Other educational activi- 
ties include clinical rounds, seminars, journal club, 
and training of medical and technology students, 
pathology and hematology fellows and residents. 

Respond by letter stating the reason for your 
interest in a career in blood banking and a com- 
plete curriculum vitae immediately to: 

Tibor J. Greenwalt, M.D. 
Director, Hoxworth Blood Center 
Professor of Internal Medicine 
University of Cincinnati 

3231 Burnet Avenue 

Cincinnati, Ohio 45267 





RESEARCH SCIENTIST— 
CELLULAR 
IMMUNOLOGY/HEMATOLOGY 


The Wadsworth Center for Laboratories and 
Research is seeking a research scientist with an 
interest in cellular immunology and hematology. 
The individual should have experience in flow 
cytometry and modern hematology instrumenta- 
tion. “he scientist will be encouraged to develop 
his/her own research interests, as well as to collab- 
orate with other scientists to encourage develop- 
ing cellular immunology and hematology re- 
search. The scientist will also have responsibilities 
for providing expertise in implementing appropri- 
ate proficiency testing programs in flow cytometry 
and hematology. There is a very definite commit- 
ment at the Wadsworth Center for support of inno- 
vative research of public health relevance. The 
cand date must have either a Ph.D., M.D., or D.V.M. 
with cppropriate experience. 

Please send CV and the names of three refer- 
ences to: Felix H. Heilpern, Wadsworth Center for 
Laboratories and Research, Empire State Plaza, 
Albany, NY 12201. An Affirmative Action/Equal 
Oppcriunity Employer. 


NON-TENURE TRACK APPOINTMENT 


Assistant Professor and Assistant Medical Director, University of Minnesota Hospital, Blood Bank, and St. 


Paul Region, American Red Cross Blood Services, 


A position is available for a physician, Board certified or Board eligible in clinical pathology with blood 


banking fellowship or one year of experience In clinica! 


pathology beyond residency. Alternatively, the 


candidate will be board certified in Internal Medicine or Pediatrics and board certified or board eligible in 
Hematology. Candidates should have experience in transfusion medicine and immunohematology. 

This position will be involved in the teaching of blood banking/immunohematology through formal 
courses, informal supervision, and teaching of medical students, residents, fellows, and allied health 


students. This position will be expected to participate in 


basic or clinical research relating to one or more of 


the following areas: blood collection; platelet serology and transfusion; neutrophil structure, function or 
serology; apheresis; bone marrow donation or transplantation; histocompatibility; transfusion transmitted 


diseases; or other blood bank related topics. 


This position will serve as Assistant Medical Director of the Regional Blood Services and the University 
Hospital Blood Bank and will assume partial responsibility for the daily operation of these facilities. This may 
include responsibility for the general blood bank laboratory. 

This position is a temporary, non-tenure track faculty appointment which involves major service 





commitments. Applicants should send their curriculum vitae and three letters of recommendations to: 


Richard Brunning, M.D. 

Box 198 UMHC 

Department of Laboratory Medicine and Pathology 
University of Minnesota Hospital and Clinic 

420 Delaware Street S.E. 

Minneapolis, MN 55455 


Deadline for receipt of applications is March 31, 1987. The University of Minnesota is an equal opportunity 
educator and employer and specifically invites and encourages epplications from women and minorities. 
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The New York Academy of Sciences 
An international Organization 
Conference On: 


STRUCTURE AND ACTIVITIES OF HEPARIN AND 
RELATED POLYSACCHARIDES 


November 3-5, 1987 
Vista International Hotel, New York City 


This conference will address the chemistry. biosynthesis, structure 
and functions. of heparin, heparan sulfate and dermatan sulfate. It 
will address the potential clinical utility of these GAGs on the 
management of thromboembolic diseases. The current state of 
knowledge on the multiple regulatory functions of these glycosami- 
noglycans will be reviewed in a multidisciplinary manner. This 
conference also aims to highlight important unanswered questions on 
the biological effects of these glycosaminoglycans and should pro- 
vide approaches to their resolution. 

There will be a contributed poster session. The deadline for 
submission of abstracts is June 1, 1987. A 200-word summary of 
work to be presented should be sent to: Frederick A. Ofosu, PhD., 
Department of Pathology, McMaster University, 1200 Main Street 
West, Hamilton, Ontario, Canada L8N 3Z5. 


Conference Chairs: 
Frederick A. Ofosu, Ph.D., Department of Pathology 
Jack Hirsh, M.D., Department of Medicine 
McMaster University, Hamilton, Ontario, Canada 
and 
Isidore Danishefsky, Ph.D., New York Medica! College, Valhalla, 
New York 


For program and registration information: Conference Depart- 
ment, The New York Academy of Sciences, 2 East 63rd Street, New 
York, NY 10921. 





ASSISTANT DIRECTOR, 
BONE MARROW TRANSPLANT UNIT 


The Division of Hematology of the Department of Medicine, 
Stanford University School of Medicine. invites applications for 
Assistant Director of the newly formed Bone Marrow Trans- 
plane Unit. The position carries the rank of Assistant Professor 
of Medicine in the Division of Hematology. The faculty person 
will interact with clinicians and investigators in the Departments 
of Pediatrics, Pathology and Radiation Therapy, as well as the 
newly formed Center for Molecular and Genetic Medicine. 
Candidates should have experience and be expert in allogenic 
and autologous Bone Marrow Transplantation. In addition, it is 
anticipated that the faculty person holding this position will 
devote approximately 60% of time to intensive work in the areas 
comprising transplantation biology. Thus, candidates should 
have demonstrated ability to develop an independent, self- 
Sustaining research program. 

Applicants should send a curriculum vitae, a brief statement of 


` their research interests and names of two references to: Stanley L. 


Schrier, M.D., Chief, Division of Hematology, Stanford Univer- 
sity School of Medicine. Stanford, California 04305. 
Stanford University is committed to increasing representation 


of women and members of minority groups on its faculty and 
particulary encourages applications from such candidates. 


COOLEY’S 
ANEMIA FOUNDATION, INC. 
RESEARCH FELLOWSHIPS 


The Cooley’s Anemia Foundation, Inc., invites 
applications for fellowships to both postdocto- 
ral fellows and junior faculty members inter- 
ested in the field of Cooley’s anemia with 
stipends of up to $15,000. The deadline for 
receipt of applications is April 1, 1987. Awards 
will be made by June 15, 1987, and funding will 
begin July 1, 1987, for one year with the 
possibility of renewal for a second year. 


For application forms and further information, 
write: Mr. Michael C. DiFilippo, National Exec- 
utive Director, Cooley’s Anemia Foundation, 
Inc., 105 East 22nd Street, Suite 911, New 
York, New York 10010. Telephone: (212) 598- 
0911. 


The Haemonetics Research Institute 


Announces the 12th International Apheresis 
Symposium 
Sponsored by Haemonetics Corporation 
and 
E.l. du Pont de Nemours & Company 
Cosponsored by the Postgraduate Medical institute 


April 27-28, 1987 


Loews L'Enfant Plaza Hote! 
Washington, D.C. 20024 


Topics for discussion: 
@ Adoptive immunotherapy Techniques 
@ Bone Marrow Processing and Transplantation 
@ Developments in Extracorporeal Therapy 
@ Platelet Collection and Transfusion 
@ Piasma Procurement 
è Developments in Donor Tasting 


Haemonetics Operators Workshop 
April 29, 1987 


Conference Coordinator: Diane E. Etheridge 
Haemonetics Corporation 
400 Wood Road 
Braintree, MA 02184 
{617) 848-7100 ext. 291 


The Postgraduate Medical institute is accredited by the Accreditation Council for 
Continuing Medical Education to Sponsor continuing medical education for physi 
clans. 


The Postgraduate Medical institute designates this continuing medical education 
activity for 13 credit hours in category 1 of the Physician's Recogrition Award of the 


American Medical Association. 
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CANADIAN RED CROSS SOCIETY 
BLOOD TRANSFUSION SERVICE 
OTTAWA CENTRE 
DEPUTY MEDICAL DIRECTOR 

POSITION 


The Ottawa Centre of the Canadian Red Cross Soci- 
ety, Blood Transfusion Service is inviting applications 
from physicians for the position of DEPUTY MEDI- 
CAL DIRECTOR. 

The position involves major responsibility for a full 
service apheresis unit providing both cell support and 
plasma exchange services to a population of 800,000. 
The Deputy Medical Director participates in research 


Mammography 
can detect 
breast cancers 
even smaller 
than the hand 
can feel. 


Low-dose breast x-ray, 
mammography, is giving hope 
that the leading cause of cancer 
deaths in women will be greatly 
diminished. 

We urge women without 


symptoms of breast cancer, ages 
35 to 39, to have one mammo- 
gram for the record, women 40 
to 49 to have a mammogram 
every | to2 years, and women 


and development programs and assists the Medical 
Director in general administration of the blood program. 
The Centre currently collects, tests, processes and issues 
approximately 65,000 units of blood annually. 
| Interested ap ican should apply in confidence giv- 50 and over, one a year. Breast 
ing all details of experience and expected salary require- self-examination is also an impor- 
ments to: | tant health habit and should be 
practiced monthly. Ask your 
local Cancer Society for free 
leaflets on both subjects. 
The American Cancer 
Society wants you to know. 


Dr. G. Rock 
Medical Director 
The Canadian Red Cross Society 
Blood Transfusion Service 
85 Plymouth Street 
Ottawa, Ontario KIS 3E2 





This space contributed as a public service. 
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NON-TENURE TRACK APPOINTMENT 


Assistant Professor and Assistant Medical Director, University of Minnesota Hospital, Blood Bank, and 
St. Paul Region, American Red Cross Blood Services. 

A position is available for a physician, Board certified or Board eligible in clinical pathology with blood 
banking fellowship or one year of experience in clinical pathelogy beyond residency. Alternatively, the 
candidate will be board certified in Internal Medicine or Pediatrics and board certified or board eligible in 
Hematology. Candidates should have experience in transfusion medicine and immunohematology. 

This position will be involved in the teaching of blood banking /immunohematology through formal 
courses, informal supervision, and teaching of medical students, residents, fellows, and allied health 
students. This position will be expected to develop an indeper dent, basic, or clinical research relating to 
the following areas: blood collection; platelet serology and transfusion; neutrophil structure, function or 
serology; apheresis; bone marrow donation or transplantation; aistocompatibility; transfusion transmitted 
diseases; or other blood bank related topics. 

This position will serve as Assistant Medical Director of the Regional Blood Services and the University 
Hospital Blood Bank and will assume partial responsibility for the daily operation of these facilities. This 
may include responsibility for the general blood bank laboratory. 

This position is a temporary, non-tenure track faculty appointment with a major research and teaching 
commitment. Applicants should send their curriculum vitae and three letters of recommendations to: | 


Richard Brunning, M.D. 

Box 198 UMHC 

Department of Laboratory Medicine and Pathology 
University of Minnesota Hospital and Clinic 

420 Delaware Street S.E. 

Minneapolis, MN 55455 


Deadline for receipt of applications is March 31, 1987. The University of Minnesota is an equal 
opportunity educator and employer and specifically invites and encourages applications from women and 


minorities. 
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These people and 3 million others have 
something to celebrate. They beat cancer. 


We are winning. 


Please support the 
Z AMERICAN CANCER SOCIETY’ 
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ANALYSIS 


MECOLEQ 
LASER 


SIZE 


INTRODUCING 
FACScan 


The flow cytometer 
that fits in every lab 


Eves 


FACScan 
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There's room in every laboratory 
for FACScan 

FACScan takes a minimum of bench 
space, yet it delivers the performance 
of larger, more expensive Instruments 

Like larger flow cytometers, FACScan 
uses an argon-ion laser for 5-parameter 
analysis. 

Unlike larger instruments, FACScan 
plugs right in. You dont need an external 
compressed air or water supply 

FACScan is also easy to use. You can 
readily perform a variety of clinical 
research applications, including lympho- 
cyte phenotyping, immune monitoring, 
DNA analysis, reticulocyte counting, 
and platelet studies 


Superior Quality 
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AuTo MATIC 
SET UP 


APPLICATION 
SOFT WAR 





Set up and operation are automatec 
with CONSORT ™ 30 applications soft- 
ware. And you can even automate sarr 
introduction with the FACS™ AutoMATE 

Of course, FACScan is supported 
by Becton Dickinsons complete line 
of Leu monoclonal reagents, training an 
applications specialists, and expert 
field service 

FACScan. The flow cytometer that fi 
in every lab 

Contact your Becton Dickinson 
Immunocytometry Systems Represer 
tative for complete information. Or cal! 
the toll-free number Delow. 





Becton Dickinson immunocytometry System 
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